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The occurrence of manganese and iron in the seeds of different species 
ff plants has been noted by a number of investigators. However, there 
re but few data which show the amount of each of these elements con- 
ained in different species of seeds. 

Headden ^ found that the amount of iron contained in the straw of 
rheat was two and one-half to six times the amount of manganese, while 
n the kernels the manganese is approximately equal to the iron and at 
he same time is higher, as a rule, than in the straw. 

More recently Jones and Bullis * have shown that manganese is con- 
ained in considerable amounts in the aerial portions of certain leguminous 
)lants, and from their results they conclude that alsike clover utilizes 
nanganese in larger amounts than any other legume commonly grown 
n the State of Oregon and that alfalfa makes the least use of it. 

Since the writer * has. obtained data which show that manganese is a 
lecessary nutrient in the growth of plants, it therefore becomes a matter 
if interest to make a determination of the amount of iron and, manganese 
ontained in seeds of some species of plants and to correlate the 
esults obtained. 


The results contained in this paper have been obtained on samples 
if seeds procured from several different parts of this country. Most of 
he samples of wheat were obtained through the courtesy of the Kansas 
ind Nebraska Experiment Stations and represent some of the more 
iseful varieties grown in these and other States. A few of the samples 
if wheat and oats were obtained from the Departments of Plant Breed- 
ag and Farm Crops at Cornell University and had been grown on the 
xperimental plots at that institution. Most of the other seeds were 
btained from a seed company at Lexington, Ky,, but the localities 
Q which they were grown are not knowm to the writer. 

The methods used in the estimation of the iron and manganese in 
ae seeds were: For iron, the colorimetric thiocyanate method; ^ and 
3r manganese, the colorimetric periodate method." 
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It is known that the presence of considerable phosphorus affects the 
accuracy of the colorimetric thiocyanate method for the estimation 6f 
iron. The following experiment was performed to determine whether 
the amount of phosphorus contained in seeds was enough to affect the 
estimation of iron by the thiocyanate method. Graduated portions of 
a standard solution made by dissolving 5 gm. of potassium phosphate 
(KH2PO4) in 100 cc. of water were measured out into a series of test 
tubes. The phosphorus contained in the different tubes varied from an 
amount much less than that found in seeds and gradually increased 
until the phosphorus content was several times this amount. To the 
tubes containing the different concentrations of phosphorus were added 
equal amounts of the necessary reagents including 2 cc. of a standard 
ferric iron solution, and the red color produced compared with the color 
developed in a tube containing an equal amount of all of the reagents 
used in the experiment except phosphorus. 

No observable effect on the color of the solution could be detected 
until the phosphorus content was approxhnatety .05 gm., an amoum 
which is much in excess of that contained in an aliquot necessary for 
the estimation of iron in seeds. The color produced with thiocyanate 
in the presence of greater concentrations than .05 gm, of phosphorus 
was yellowish red instead of blood red as was produced with lower con- 
centrations of phosphorus. 

The results obtained represent the amounts of iron and manganese 
contained in the moisture-free seeds. 

TabI/S I . — Percentages of iron and manganese found in the different species of seeds 
WHHAT 


Variety. 


Big Flame 

Dawson 

Gold Coin 

Gypsy 

Deitz 

Nebraska No. 60 

Kanred 

Red Wave 

Ghirka 

Mutant (Nebr. No. 28) 

Average 


SPRING OATS 


White 

Do 

Do 

Black 

Burt 

Rust proof 

Mixed 

Victory 

Average 


Fe. 

! 

Mn, 

Per cetii . 

Ptr mi. 

0. 003 1 ; 

0.0043 

.0036 

.0045 

.0032 

.0043 

.0051 1 

.0045 

.0043 , 

. 003 * 

. 0032 

.0061 

.0039 

.0036 

. 0041 

.003) 

. 0040 

.0013 

. 0042 

.0043 

■ <m 39 

.0047 
i_ 

P 

0 

0 

0. 005* 

.0049 

.0048 

. 0078 

.0035 

, 0062 

.0038 

. 0034 

.0052 

i ,0048 

,0060 

.0034 

i .005J 

. 0042 

. 0053 

. 0050 

,0049 

i 
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Table i .—Percentages of iron and manganese found in the different species of seeds— Con . 
gardbn peas 



Fe. ! Mu. 


Per cent , 

0. 0070 
. 0080 
, 0138 

Per cent , 

0. 0012 

. 0010 
. 0014 




. 0096 

. 0012 

Average ^ 


garden beans 


Tennessee Green Pod 

Ketituclcy Wonder (bro\ni seeds) 1 

Keiilucky A 

Pole Lima i 

Bunch Lima ! 

I. 

Average | 


1 

O. OlOO ! 

. Olio 
, Oii^ 

. oo8o I 

, OlOO i 


.0103 


o. 0017 
. 0016 
. ooiS 

. ooiS 
. 0019 


. 0018 


soybeans 



0. 0057 
. 0081 
. 0072 
. 0062 
. 0088 


dandarin 

. 0025 

danchu 

Cansas No. 1430 

• 0025 
. 0023 

daberlaudt 

Hack Eyebrow 

■ ^33 

^lestnut 


. 0025 

Sooty 

coSy 

■ 0033 

^eking 

1 .0074 

1 /vsJi’f 

■ 0023 

to San , 

• 0041 


* 

* 0031 

Average 

. 0074 

. 0028 


CLOVERS 


Usike 

0- 0517 , 


led 

0. 0028 
.0038 

S^ite .... 

. 0021 ' 

l^hite (sweet) . 

. 0290 

. 0022 
. 0027 

ellow (sweet). 

^mson... 

• 0015 


apan .... 

. 0060 ; 
.0300 

. 0029 

etch. .. 

•0155 

•Ifalfa. 

.0085 

.0023 

Average. 

. 0100 

1 . 0012 


.0039 


. 0156 

■■ - — .. 




grasses 


edtop 

imothy. 

^cbard grass, . . , 
Wlet... 


j 

, 0. 0160 

0. 0510 

1 . 0061 , 

. 0072 

1 *0350^ 

.0085 

! , 0070 

. 0176 
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Tabi^E 1.— Percentages of iron and manganese found in the different species of seeds~^()^ 
GRASSES — continued 


i 

i 

1 

i 

i 

! 

i 

1 

] 

i 

J 

Mn 

WTC'l 

PtrcmI. 1 

-xo, 

•“26! 

•“ 7 *: .00,, 




0 

0 

I 

. I 

= l 



MISCELX.ANEOUS 


Sunflower 
Hemp — 

Flax 

Rape 

Tobacco . . 


0034 1 

0, 002j 

0210 

. 0165 

0085 1 

.003S 

00 S 9 ; 

. 3046 

0240 1 

. 00*0 


In the foregoing results the following points of interest are ^vorthy of 
mention. 

In the samples of wheat the average percentage of manganese is slightly 
greater than that of iron, which shows that the capacity of this plant 
for storing manganese in the seed is as great as its capacity for storing 
iron. This fact suggests the possibility that manganese may perform 
a function of equal importance to that of iron in the plant’s metabolism. 
In one-half of the number of samples the iron was slightly greater than 
the manganese in the same sample. The largest percentage of manganese 
was found in the Ghirka variety and the largest percentage of iron in the 


Gypsy. 

In a previous article by the writer ^ it was pointed out that manpnese 
occurs in greatest concentrations in the outer membranes of this seed 
and least in the starchy, glutinous material in the interior of the endo- 
sperm. It is therefore evident that in the processes of manufacUiring 
the highest grades of patent flour most of the manganese is removed in 
the offal. Then, if it should be proved that manganese is also a necessarv 
element in the diet, it is apparent that patent flour would contain less 
manganese than whole wheat or graham flour. 

The average results for iron and manganese in oats show that thei»e vo 
elements are more nearly equally distributed than in wheat. 

In the preparation of oatmeal for human consumption the mangan 
would not be eliminated in tbe offal to the extent it is in tlie manutacuir 
of flour from wheat. Therefore oatmeal affords one of 
of manganese in food, and it is quite probable that it does a 
nutritive value to this material. _ , , 

The average results for iron and manganese in garden peas a 
are approximately the same in each of the different kinds of 
also of interest to note that the iron content is more than six 
amount of manganese in these seeds. The iron 
beans is almost three times that found in wheat and twice 


’ McHaRGTTS, J. S. THS 0CCUR»SKC8 and SIONIFICANCe Ot MANOANSS8 IN THE SEED 
MBDS. In JouT. Amer. Chem. Soc., v. 36 , p. i33»->S3** 
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'r.ed in oats. The manganese content of wheat and oats is approx- 
three times that contained in peas and beans, 
different varieties of soybeans the average percentage of iron 
^\early three times as large as the average percentage of manganese, 
soybeans have some use as a food and feed material it is of interest 
that they supply a relatively large amount of iron in the diet. 
So)dieans contain less iron than garden peas and beans, but more man-^ 

average results for nine varieties of clover show an iron content 
(i rearly four times that of manganese. The average percentage of iron 
about twice the iron content in soybeans, while the manganese con- 
tent is about the same. Alsike clover contains nearly 20 times as much 
iron as manganese. While white sweet clover contains a little more 
than lo times as much iron as manganese, yellow sweet clover contains 
nearly equal amounts of each of these elements. Both the white and 
-ellow sweet clover seeds had been decorticated. The iron content of 
apan clover is about twice that of manganese. The clovers contain 
■onkderably more iron than any of the other species of seeds examined. 

In the grasses, redtop contained more than Uiree times as much man- 
ganese as iron, while bluegrass contained more than four times as much 
ron as manganese. Orchard grass contained more than twice as much 
r.auganese as iron. 

wiiile and yellow field com contained the smallest amounts of iron 
lad manganese of any seed examined. Since most of the iron and man- 
ganese contained in com is found in the germ and bran and since the 
food products of com as they are prepared to-day exclude these parts 
jf the grain, it is evident that such food products would be practically 
i negligible source of manganese. 

Hemp seed contained relatively large and nearly equal amounts of 
iron and manganese. The largest amounts of iron w^ere found in Alsike 
dover, bluegrass, Japan clover, hemp, and redtop, respectively, while 
die largest amounts of manganese were found in redtop, Japan clover, 
orchard grass, hemp, and bluegrass, respectively. Japan clover seed 
retains the calyx and pod, which may account for its high manganese 
content. 

It is to be noted that the manganese content is much less than the 
iron content in legumes, whereas in cereals the iron and manganese 
contents are more nearly equal. 

Seeds containing the most iron did not contain the largest amounts 
ot manganese. In the grasses there appears to be considerable fluctua- 
tion in the iron and manganese content in one variety as compared with 
another. Thus manganese is in excess in redtop while iron predominates 
in bluegrass. 


CONCLUSIONS 

The average manganese content of the seeds of wheat and oats pro- 
duced under natural conditions in the soil is equal to the average amount 
iron found. 

The amount of manganese in the seeds of legumes is much less than 
the iron content. 

of iron and manganese found in grasses show^ed consider- 
p fluctuations with varieties, but the average results are nearly equal. 




studies upon the EIFE CYCEES of the BACTERIA- 
part II: EIFE HISTORY OF A20T0BACTER ‘ 

BvF. Wnms.Sf Biologist and N. R Smiih, Assistant Bacteriologist, Bureau 

of Plant Industry, United States Department of Agriculture^ ' 

INTRODUCTION 

In a preliminary communication, published in this Journal in 1916 (28) ’ 
it was pointed out (i) that the life history of Azotobacter is much more 
complicated th^ was generally assumed and (2) that the same holds 
true with regard to all other bacteria. The correctness of this general 
statement was furte demonstrated by the senior author in a critical 
review of the bactenological literature, published as Part I of these 
Studies {23). It was shown therein that all findings briefly recorded 
in our preliminary communication are in complete agreement with 
numerous analogous observations made between 1838 and 1918 That 
these older findings had failed to lead to a more accurate knowledge of 
bacterial pleobiosis was caused by their being widely scattered in a 
gigantic literature and by their being not in accordance with time- 
honored, though incorrect, theories concerning bacterial monomorphism 
and constancy. ^ 

Since Part I was written, several contributions have been published 
wmcli further support our standpoint. Bergstrand (4, 5) studied the 
wide pleomorphism of a yellow diphtheroid and advocated that all 
bacteria on account of their budding, branching, etc. should be classed 
among the Fungi Imperfecti._ Brown and Orcutt (7) recorded bacillary 
usiform, filamentous branching, diphtheroid, and streptococcoid groi^ 
0 Barfenam Pyogenes. _ Thompson (45) noticed that B. hrofeur when 
groivn m symbiosis with B. tuberculosis, with other mycobacteria or 
ctmomycetes, changed to a diphtheroid, anaerobic organism in 62 per 
TLw 1 af/; fuso-spirillary organism was seen by Mellon^) 
gr (i) ^ a yellow actinomyces-hke organism, (2) as a diphtheroid 

(3) as a whiti, aeroK S 
COCCUS, (4) as a typical anaerobic Fusiformis and ('si as an 

ffl‘^^"ble gonidia, '‘Snt c“cr 

recorded^ symplastic stage were also 

fecSmfW 1, 33) the “giant cocci” of Coryne- 

'ilviding Sri'a stabilized, and their “ schizogony, ” 
Manalang faal germination were carefully studied. Wade and 

'wmsofLlti™ interesting report upon the various growth 

Dactenum influenzae, wherein they state: 

ment. l^acillus is but a simple form of an organism capable of complex de velop- 

Industry, for makiagr the photomicroeraphs 
« ismad^number (italic) tS ‘Xiteratur* cited. " p. 43C.-43.. 
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They are inclined to place it therefore among the Actinomycetes h 
a comparison of their findings with those discussed in Part I of 
Studies (25) leaves no doubt that Bacierium influenzae^ too, follo\v^ 
exactly the same general lines which are recognizable in the life historv 
of all bacteria. The general occurrence of filterable gonidia is fitrthe 
indicated by observations made by Heymans {ij) with regard to anthrj 
and tuberculosis. It was found that the bacteria pass the filter in an 
ultramicroscopic form. Hort {14) published additional details concern* 
ing the various modes of bacterial reproduction; Howe and Hatch b'' 
confirmed Noguchi’s finding that B. bifidus can grow as an acrobif 
sporulating bacillus; and Orla- Jensen {38) pointed out that certain 
aerobic plectridia can be easily transformed so that they are no more 
distinguishable from the typical Proteus bacteria. Studies upon the 
conjunction of bacterial cells were made by Potthoff (jp) with Chroma- 
tium and sulfur spirilla, and by Ended ein {8) with Vibrio cholerae. The 
results obtained are in good agreement witii earlier findings (25, p. jg- 
202), The same holds true in regard to more recent observations made 
by Eutz {30a) upon the different types of globoid bodies produced bv 
B. anthracis. Almquist (2a) and Mellon {33d) have again emphasized 
that a thorough knowledge of the various developmental phases in the 
life histories of pathogenic bacteria is essential for gaining a correct view 
of epidemiological problems. 

Our observation upon the life cycle of Azotobacter, as recorded in 
our preliminary paper {28), were partially confirmed and partially con- 
tested by D. H. Jones (16). Confirmed were the data on pleomorpliism 
and symplastic stage, contested those on conjunction and on the abilitv 
of Azotobacter to assume endospore formation. The discussion of these 
differences of opinion will be taken up at the end of this report after our 
experimental results, obtained since 1916, have been presented. 

METHODvS OF INVESTIGATION 

To obtain complete and accurate information upon the life cycles of 
the bacteria is no more difficult but much more time-consuming than to 
make an ordinary bacteriological diagnosis. Single-cell cultures and 
continuous microscopic observation of the living organisms arc by no 
means so absolutely indispensable as is sometimes asserted (25, 59. 

205) . The generally used methods of isolating, cultivating, and studying 
the bacteria are, as a rule, quite sufficient to collect complete information, 
provided they are applied judiciously and the investigator himself is not 
too preoccupied by the wide-spread prejudices concerning “ normal" and 
“abnormal” growth, “involution forms,” and “contamination”. 

A sufficient number of parallel tests, the frequently repeated microscopic 
control of the cultures held for a sufficient length of time (not less than 
a month, preferably longer), and the regular repetition of all experiments 
are three points of major importance. Accordingly, apparent changes 
of growth can be correctly accepted as such, only if tliey have been as- 
certained repeatedly in parallel tests and if they have been closely foHo''^ 
under the microscope. Furthermore, an apparently new type of 
must always be tested in regard to its inclination to return to its ongim 
or to pass over into another well-known developmental^ stage ^ 
particular organism. Sometimes the patience and persistence 0 
investigator is taxed very much by such experiments; it may 
before positive results are secured. A few examples in this respect 
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mentioned in Part I (2j, p. 2g, 24) and others will be discussed on the 
following pages. On the other hand, the instability of a new form may 
Throve vexatious. Even if a new type of growth is represented by a 
sufficient number of cells in a culture, and its separation by plating- there- 
fore appears to be promising, nevertheless a complete failure may result, 
due either to an immediate return to the original type of growtli or to 
the disinclination of the new form to grow in pure culture on the substrate 
used. Occasionally the stabilization of the new form proceeds very 
slowly and gradually; its colonies may appear very late on the plates, 
or they may at first simulate those of the mother form so closely that only 
microscopically can a differentiation be made. However, these particular 
difficulties are rather an exception to the rule; usually the new type of 
growth will be isolated if it is represented in the original culture by a 
sufficient number of cells. To reduce the chances for contamination as 
far as possible we prefer for plating flat bottles with a neck not much 
wider than a test tube. The dilutions are made directly in the bottles 
wherein the substrate was previously sterilized. 

Besides beef agar, beef gelatine, beef brotli, milk, and potato the sub- 
strates most frequently used in our Azotobacter experiments were man- 
uite-nitrate solution and mannit e-nitrate agar. The composition of 
these media was given in our preliminary communication {2S, p. 686). 
Our recipe was changed by E- R. Allen {2) with very unsatisfactory 
results; it is, however, only his substrate, not, as he asserts, the “medium 
of tdhnis and Smitli " which proved to be unsuitable for Azotobacter 
growth. We studied for example, the alternation between the varied 
cell life and thesymplastic stage of this organism in the original cultures, 
made in mannite-nitrate solution, for more than a year and then kept 
these cultures four years longer (most of the time sealed) ; transferred to 
new solution at the end of the whole period, 60 per cent of the cultures 
gave new vigorous growth. The hydrogen-ion concentration of these 
substrates was usually kept approximately at Ph 6.8; occasionally it 
was increased to 6.0 or lowered to 7. 5 -8.0. Potato agar (15 gm. agar 
and 10 gm. peptone added to 1,000 cc. filtered potato water, prepared 
by boiling 200 gm. potato in 1,200 cc. water, to which an excess of CaCOj 
was added) was also found to be very useful, as was the case, although 
less frequently, with soda agar (beef agar with }( per cent Na^COj), 
phosphate agar (beef agar \vith per cent Ca(l4POj2), salt agar 
(beef agar with 2 to 8 per cent NaCl), and water to which 5 cc. beef 
broth per 1,000 cc. were added. Most instructive results, however, 
were secured from cultures kept in sterilized soil (about 5 gm. in test 
tubes heated in the autoclave for i}i hour at 20 pounds pressure) mois- 
tened with 0.5 per cent mannite solution. Within a few weeks all 
developmental stages were passed in this substrate with greatest regu- 


Some experiments upon the effect of symbiosis of Azotobacter and 
f ^so included. It was pointed out in an earlier paper 

Uo) that especially the regeneration of large spore-free Azotobacter cells 
^^l^^^porulating growth is favored by the presence of Radiobacter. 
^ e following cultures of Azotobacter were used in our experiments; 


25). 


chroococcum Beij. (Laboratory Numbers 


I, 2, 10, II, 12, 14, 17 to 


f J. G. Lipman (Laboratory Numbers 3 to 6, 13, and 15). 

j -agt/e Beij,, syn. A. Vinelandii J. G. Lipman (Laboratory Numb^s 

' 7c, 16 to i6c). J r V 
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A. vitreum Lohnis (Laboratory Number 9). 

A. sp, (Laboratory Numbers 26 and 27), 

Cultures No. i to ii are identical with those studied in 1914 (26) 
the exception of No. 7b and 7c, two strains of Azotohacter agUe. recently 
received from Krai’s Museum in Vienna {A . Vinelandii Lipman-Ambroz 
and A. agilis Dalilem). No. 12 and 13 are old stock cultures of tbe 
Laboratory of Soil Bacteriology. No. 14 to 16 and i6c were received from 
Dr. J. G. Lipman, New Brunswick, N. J.; No. i6b, 17, and 20 are sub- 
cultures of No. 1 12, 141, and 522 of the New York Museum of Natural 
History. No. 18 and 19 were received from Prof. D. H. Jones, Guelph 
Ontario, in 1912 (Iiis strains i and 3). No. 21 to 25 are new isolations 
obtained in the spring of 1916 from soil samples received from Dr. C. B 
Lipman, Berkeley, Calif. No. 26 and 27 were sent to us by Dr. M. Mul- 
vania, Knoxville, Tenn. 

Fifteen of these strains (No. 7, 9, 10 to 14, 16, i6c, 18, 21 to 25) grew 
as typical large nonsporulatmg cells, when the investigations were Parted’ 
4 cultures showed only large sporulating cells (No. 2, 3, 4, and 7b), 2 
small sporulating rods (No. 5 and 6), and 3 irregular fungoid cells (No. 15, 
17, and 19); 4 were made up of small nonsporulating rods (No. 7c, i6b 
26, and 27), I of coccoids (No. 20), and i of dwarfed cells (No. i). Al- 
though it was known in only some of the cases where atypical growth 
occurred that this was not due to contamination, we decided to include 
all atypical strains in our studies and to base our ultimate decision upon 
the outcome of these experiments. 

Each of the 30 Azotobacter strains was tested in about 100 to 200 and 
sometimes more transfers. Each transfer was subjected to 4 to 6, but 
occasionally to many more microscopic tests. The results presented in 
this paper are therefore based on over 20,000 observations. Numerous 
additional tests were made with cultures of several other “species,” 
which proved to be identical witli the newly evolved growtli types of 
Azotobacter — namely Bacillus petasites A.M. et Gottheil, Bacillus mala- 
harensis Lbhnis et Pillai, Bacillus danicus Ldhnis et Westermann, Bacillus 
pumilus A.M, et Gottheil, Bacillus Freudenreichii (Miquel) Mig,, Bacillus 
f'lisijormis A.M. et Gottheil, and Bacterium laciis viscosum (Adametz) 
Lehm, et Neum. Some of these cultures were kept in the senior 
author’s collection; others were obtained from Ne^v York or from Vienna. 

LIFE CYCLE OF AZOTOBACTER 

In Figure i of our preliminary paper {28) we gave a schematic sketch 
of the various cell types and modes of reproduction of Azotobacter. Four 
types or subcycles of growth were considered to be most characteristic. 
The more thorough study of the problem, however, led to the discovery 
that from every Azotobacter culture not less than seven different growt 
types can be developed and stabilized; all of them are interchangeable. 
The cells characterizing these seven types of growth are the following 
(the letters in parentheses referring to the designations used in our pre 
liminary paper) : 

Large non-sporulating cells (types A, B, La, Ka, and J). 

Coccoid forms (type I). 

Dwarfed cell type (types Ea, Ej3, and Ke). 

Fungoid cell type (types G and K7). 

Small non-sporulating rods (type Fa). 

Small sporulating rods (type FjS). 

Large sporulating cells (types L, M, and KX) . 
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Inspection of figure i of the preliminary paper {28) will show that the 
increase m the numbj* of growth types from four to seven is due to the 
fact that types I (^ith Ky) could also be stablized, and that the 

three types B, Fa, and could be grown separately. 

In accordance with the arrangement made in Part T nf j- 

„,| (b. «««l cell ,yp., 

plastic Stage, and the conjunction of vegetative and reproductive cells^ll 
be discussed consecutively. The cultural characteristics of the diSt 
developmental stages however, will be given separately in a spwkl 
chapter. The morphological Matures of vegetative and reproductive c Js 
were found to be fundamentally the same with all our AzotUacter stiatos 
while the cultural Pecuharities allow a clear separation of the four sS 
(or varieties) Azotobacter chroococcunt, A. Beijerinckii, A. agile aK 
ntmm. Accordingly, the rnorphological facts observed with the different 
strains wll be considered jointly, while the cultural characteristics of tL 
four groups will be discussed separately. 

I.— DIFFERENT CEDE FORMS OF AZOTOBACTER 

The wide pleomorphism of Azotobacter was discussed to some extent 
m earlM publications {3, 9 jo, and 40 ) . But how really bewilS 
the multitude of cell types is which this organism is able to produce kthf 
course of its life cycle may be gathered from the photovranhs reorodiic^ 
on fte plates attached to this paper. Even they, oSse do" 
Iiibit all fornis which were obseiw'ed in the course of our studies But 
combined with the data presented in our preliminary report ^ and hi 

^ ™ that an approximately comnlete 

picture of the form cycle of a bacterium is very different from the^cus 

bacterial specks. 

’ to^r bv i To ftff S'°““'.o''als, or rodlike cells, measuring about 
- 4 5 to 7 /^. motile eitlier (ovals) by polar or frods^ hv nprJ 

rS Ir e's WoTd'T^^°T In older cTlSs ^Smali 

present a°s 4 -/® weH a® very small dwarfed cells are always 

toTrSS oir^fc/’ 3 weeks 

dassed as involution fnrmT^ ’'e, and therefore not to be 

that the deerMc ' n ^ to 5, 9, and 1 1 make it fairly 

slimy cell elements and^'to'^'thf largely due to a loss of voluminous 
material, which accordiT J and multiplication of nuclear 

itself as either well or^wLwT^fo^“ m accessory substances presents 
treated irith aqueous dve's^ P “tirely unstainable when 
Pearance of gloLla^celh slrVu/ favored especially the ap- 
strengthened tbn ® 'SI'I'T ®nid maimite-nitrate agar (P„ 6 o’) 

?"■'> of our cultures ''“ds and coccoids. Only 

m the large typical Wm f P^mnnently on all substrates 

f'vealed tL presence of tiie“^tlf ^° ‘u the microscope always 

Tire varyinV a ® ® 1 ““raber. 

joi of small of the coccoid cells of medium 

i>eir budding out of the la I^'Snres 13 to ij demonstrate 

'»i(idingand by fisskn' cells; fi^re 16 shows multiplication by 
y nssion, figures 17, 18, and 21 represent thefairly uniform 
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growth of the coccoids, which were always found iinmotile and Graiu- 
positive. Figures 19 and 20 illustrate the upgrowth to larger global^ 
cells, and figures 22 to 24 the streching to small and large non-sporulating 
and sporulating rods. The coccoids shown in figures 1 7 and 18 look very 
much like typical micrococci, and they may, in fact, assume a great 
stability of growth. But sooner or later they, too, will either return 
to the large cell form or elongate to regular or irregular rod forms. One 
of our strains (coccoids of Azotobacter agUe, No. 7) remained fairly stable 
as a pink “micrococcus,’* for not less than five years in 71 transfers, 
and then it returned to the large ori^nal growth type only if kept either 
in milk or in mannite-nitrate solution for one to two months. Milk 
and potato agar were usually most favorable for a return to the large 
cell type, while beef agar, beef broth, and mannite-nitrate solution in- 
duced the develpment of rodlike and fungoid forms. 

The dwarfed cell type, first discovered in an old culture of Azotobachr 
ckroococcum (26), can be evolved from Azotobacter cultures as easily as 
or even more easily than the occcoid growtli. It is either iinmotile and 
Gram-negative or (the smallest units) motile and Gram-positive. The 
liberation of these smallest specks of mostly nuclear material from the 
larger cells (by budding or by so-called granular decomposition) can be 
seen in every culture (fig. 3 and 5 of PI. i). But separate development 
is usually slow and inconspicuous, and the isolation of tliis type of growth, 
therefore, not always easy. Pure cultures once established, however, are 
much inclined to reproduce larger cells, especially rods and fungoid growth. 
Figures 25 to 36 on Plate 3 show the typical growth and the alterations 
most frequently observed. A close study of the minute forms character- 
istic of this stage (fig. 25 and 26) reveals the tendency to present a 
more or less irregular, often wedge-shaped appearance. This tendency 
becomes more noticeable when the upgrowth takes place either by a 
uniting of the small granular bodies in slimy threads (fig. 28 and 29) or 
bv their stretching to small rodlike cells (fig. 30 and 31). On the other 
hand, very regular, weakly staining small ovals may appear, or tlie small 
irregular cells may assume globular shape (fig. 27), simulating in this 
case small micrococci. The latter process is always ascertainable m 
cultures several weeks old, whose miscroscopic appearance is very similar 
to that shown in figure 18 on Plate 2. Large rod-shaped, threadlike, 
or large globular cells are comparatively rare in cultures of this type; 
if they appear they are probably always produced by the symplasm 
(fig. 32 to 36). The simultaneous reproduction of small cells, ot long 
slimy threads, which are occasionally branched, and of large ovals an^ 
globules deserve special attention (fig. 33 and 36; both pictures niade lroia 
the same slide). The gradual upgro\vth of rods from small to 
(shown in fig. 34) is equally of great interest, llie pale, smal ova^. 
mentioned above, seem to be able to assume directly the ^ ■ 

an endospore, able to reproduce a fairly large sporulating^ rod. ^ 

transformation was repeatedly observed with our cultures No. i an -• 
The fungoid cell type is represented by figures 37 to 48 ^ 

Figures 37 to 39 illustrate that this irregular cell type may m fact asb 
distinctly fungoid appearance; figure ii on PI. i deserves also re- 
inspection. Figures 37 and 38 picture the cells most j 

most typical; they are made up of unstainable slime and 
granules of nuclear material. Temporarily this slime is ^i^ed 

ing water, and therefore the fungoid type of growth was not ^ J 
as such in our preliminary report (28). But from the u 



ftb. 10< 19*3 


Life History of Azotohacter 


407 


granulated slime threads of the dwarfed cell type shown in figures 28 and 
0 on Hate 3, the development proceeds over the steps illustrated by 
fibres 37 to 39 on Plate 4 further to a very stable type of irregular, 
r^^goid growth, which ultimately acquires all the qualities character- 
istic of a Mycobacterium. Wedge-shaped cells, budding and branching, 
(s]ub formation, etc. are all noticeable, and the same holds true concem- 
iii<r the cultural features of this “genus". The clubs again are no “in- 
volution forms," but steps in the development of rods with terminal 
Spores (fig- 45)- Dwarfed cells, coccoid forms, rods of various size, as 
\vdl as large non-sporulating globules and ovals were all evolved from this 
type of growth, as illustrated by figures 40 to 48 (PI. 4)- Cultivation 
on potato was found useful for stimulating the tendency to produce 
clubs and rudimentary endospores. Potato agar favored again the 
(jevelopment of coccoid forms. In water, broth, and milk branching 
was very pronounced, but continued cultivation in milk established a 
growth of regular spore-free, slime-producing rods. Alkaline mannite- 
nitrate solution and agar (P^ 7.5) proved helpful for reestablishing the 
typical Azotobacter growth. It is especially notew'orthy that this was 
skured on these substrates with one of our cultures of Azotobacter 
Beijerinckii (No. 15) which had grown for six years in 145 transfers 
on practically every substrate as a highly pleomorphous mycobacterium. 
It had been plated repeatedly, strains representing the dwarfed growth, 
coccoid growtli, sporulating and non-sporulating rods had been branched 
off, until ultimately after a passage on potato agar (fig. 44) the restora- 
tion of the original Azotobacter type was effected (fig. 47) . 

The typical form of the small spore-free rods of Azotobacter chroococcum 
andi 4 . Beijerinckii is shown in figures 49 and 50 on Plate 5, while those 
of d. agile and A. vitreum are usually of more slender shape, similar to 
that type of growth of A . chroococcum visible in figure 5 1 ; fairly typical 
rods of A. agile are also to be found in the left upper comer of figure 60 
on Plate 5, All these rods are Gram-negative, those of A. chroococcum 
and A. Beijerinckii immotile, those of A. agile and A. vitreum motile by 
usually three polar flagella. It should be noted that to start the 
cultures reproduced in figures 49 and 50 the same inoculation material 
was used : the difference in the substrates was the only cause of the very 
marked difference in appearance. A comparison of figure 49 with figure 
9 and figure 24 will demonstrate the gradual changes from the large to 
the small non-sporulating cells, while the small coccobacilli in figure 50 
should be compared on the one side witli the dwarfed growth shown in 
figures 25 and 26 on Plate 3 and on the other hand with the short rod 
forms which always accompany the mycobacterium type, as demonstrated 
in figures 40 to 45 on Plate 4. The larger rod form producing a short 
branch, which is visible in the lower right corner of figure 50, is also of 
interest in this connection. A direct transformation from the original 
cultures of A. chroococcum and A. Beijerinckii to small non-sporulating 
rods was recorded only three times, while they were more frequently 
derived from the fungoid growth (nine cases observed). A. agile and 
d. vitrewn behaved differently: several changes from the large cells to 
rods, but no direct transformation from the fungoid growth could 
oe asc^tained. Figures 51 to 53 on Plate 5 demonstrate the trans 
ormation from the short non-sporulating rods to coccoid and fun^ 
growths, the latter identical with that of figures 43 and 45 on 
4 - That sporulating bacilli which have lost their ability to 
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produce regular endospores may display a very similar morpholo?v 
be derived from a comparative examination of figure 54 with ficF 
and 53. Bacillus pumilus, shown in figure 54, is identical with the 
Jating rod form of A, chroococcum, as wifi be discussed presently, th 
return from the small rods to large globular cells is illustrated by ^ 
55 to 57; figure 58 pictures the transformation into the typical^ngoid 
growth, similar to that of figures 37 and 38 on Plate 4, and in figure! so 
and 60 the simultaneous upgrowth of small and large rods from the 
S3ntnplasm is demonstrated, figure 59 making a counterpart to figures 
and 35 on Plate 3. 

The small sporulating rods are of special interest because, when the 
endosporulation first becomes noticeable in an Azotobacter culture 
nearly always these small rods, not the large sporulating cells, are the 
first ones to appear. Referring to what was said in Part I (25, p, j ^ 
about the transformation of terminal regenerative bodies into polar 
exospores and endospores, it is evident that this observation is in full 
agreement with all earlier findings. On the other hand, it must be 
pointed out that these rather fragile, Gram-negative, slender rods with 
large polar spores are by no means a frequent occurrence in our labora- 
tories. To discard them lightly as “contaminations” would be entirely 
unjustified. Identical strains were isolated from various Azotobacter 
cultures in Leipzig, Washington, D. C., Urbana, 111 .; and a culture 
recently received from Vienna gave again the same small sporulating 
rod. But never in our experience, and especially not in any one of 
approximately 5,000 transfers made in the course of these experiments, 
were such sporulating small rods found as contaminations. On account 
of their weak growth we even lost two of them by replating; but in view 
of this experience it is especially interesting that in old Azotobacter 
cultures kept undisturbed for years on mannite-nitrate agar or in man- 
nite-nitrate solution just these small sporulating rods were the only 
survivors. Figure 62 on Plate 6 shows such a strain, which should be 
compared with the typical picture reproduced as figure 61. Figures 
63, 71, and 72, on the other hand, illustrate the tendency to pass over 
into large sporulating rods. That transformations from small to large 
sporulating cells were seen occasionally in our preliminary experiments 
was mentioned before {2S, p. 681 ) . But as the first appearance of these 
small sporulating rods caused considerable surprise in 1912 (26), so it 
was again the case when one of these cultures (No. 6), after having dis- 
played a very constant behavior, ultimately in the spring of 1921, when 
cultivated on alkaline mannite-nitrate agar, reverted to the large*cell 
type and assumed gradually all the characters of the original strain 
(No. 3), from which it had been branched off nine years before. A 
tendency to change to the fungoid growth is noticeable with some of the 
cells in figures 64. Figures 65 to 70 illustrate certain reproductive 
phases to be discussed on the following pages. 

The large sporulating cells are shown in figures 73, 74, 

Plate 7 in what may be accepted as their typical appearance. They are 
motile by peritrichous flagella and are Gram-positive. The tendency 0 
the threads, very common in the cultures of this type, to make snor^ 
oval, Gram-negative cells is very pronounced. Figure 78 illustrates 
analogous behavior of a thread in a spore-free Azotobacter culture. 
figure 75 many branched rods and threads are visible, 
fungoid type of the large rod form, which, however, could not ^ 
bilized, although with Bacillus anikracis, B. subtilis, and B. wye 



feb, w. 


Life History of Azoiobacter 


409 


, . Jgsuits had been obtained {25, p, 62-64), ^'igure 80 deserves 
■ I attention because it illustrates a mode of fission which has been 
1 yery few authors and which thus far has never been photo- 
d Large round bodies appear, which later split on their diameter, 
Souring center, into two large, comma-shaped bacilli so char- 
t ristic of Me^alerium and relat^ “species.” As was said in Part 
Schroen has described this occurrence more than 30 
ars ago and at the same time K. Klein and Dowdeswell made analogous 
observations with Vibrio ckolerae. The small non-sporulating rod forms 
of Azotobacter seem to act occasionally in a similar manner. In figure 
on Plate 5 an intact globule is visible and also several pairs of slightly 
curved, plump rods, of which especially those located near the upper 
edge of the photograph are very suggestive. Figure 84 on Plate 7 illus- 
trates the return to the normal large spore-free cells (after passage of the 
svmplastic stage). In potato cultures this reversion occurred most fre- 
quently. The cells shown in figure 79 and 81 to 83 are related to repro- 
ductive processes; they represent various types of gonidangia and 

sporangia. 

2.— DIIffSRENT MODES OF REPRODUCTION 

All types of bacterial reproductive organs have been found with Azoto- 
bacter— namely, gonidia and gonidangia, regenerative bodies (zygo- 
spores, etc.), arthrospores, microcysts, endospores, and exospores. It 
\ns pointed out in Part I (23, p. 119-143) that all these organs of repro- 
duction are fundamentally not so different as might be assumed. As 
the pleoinorphism of the vegetative bacterial cells finds its explanation 
in the varying participation of nuclear material and of other cell elements 
in cell construction, so also in the various modes of reproduction nuclear 
substances always play the dominant r 61 e, supported to a smaller or 
larger extent by reserve material, cell membrane, etc. When the nuclear 
material is accompanied by very little other cell elements, gonidia are 
produced. More reserve material and a more or less durable membrane 
characterize the regenerative bodies and arthrospores. When the whole 
cell assumes a globular or oval shape and thickens its membrane a micro- 
cyst results, while the contraction of most of the cell content and the 
formation of an exceptionally tough membrane leads to the formation of 
an endospore, or of an exospore if the growing spore buds out of the 
mother cell. Gonidia and regenerative bodies may multiply as such, 
producing the dwarfed and the coccoid growths discussed above ; arthro- 
spores and microcysts, endospores and exospores are true resting forms, 
although a secondary transformation to regenerative bodies or to gonidia 
was also observed repeatedly with these types of reproductive organs. 
While bacteria of tlie usual small dimensions as a rule form only one to 
two to four gonidia in each cell, the larger cells, for which the term goni- 
dangia was introduced in Part I (23, p. 121) may contain a much larger 
Dumber or in their place two to three or more endospores ; in the latter 
ca^ the gonidangium becomes a true “sporangium.” 

Figures 85 to 87 on Plate 8 demonstrate formation and liberation of 
be gonidia by normal large globular Azotobacter cells, while figure 
1^^ 7 illustrates the analogous process vrith the large threads 
sporulating type. A comparison of figures 86 and 87 shows 
in^ case) the nuclear material practically alone 

(in give rise to the dwarfed growth discussed above, or 

^ former case) how other cell elements may participate in the 
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r^eneration of larger, in this case of coccoid cells. (See also figure 5 qq 
P late A of our preliminary paper, {2S) where both processes became 
visible simultaneously, and figures 3 and 4 on Plate i of the present paper ) 
In figure 77 on Plate 7 the two granulated threads in the lower left part 
of the field deserve special attention, because the regular arrangement 
of the unstained gonidia contained therein is very characteristic of 
Azotobacter, as is the stainability of the same bodies as soon as they 
have left their mother cell. (See especially the d ark bodies budding from 
several threads in figure 77 and analogous occurrences photographed 
in figure 60 on Plate 5 .) Other types of budding, as well as the transforma^ 
tion of regenerative bodies into larger cells, are pictured in figures 
13 to 16, 22 to 24 on Plate 2. Figure 65 on Plate 6 demonstrates the 
formation of gonidia in the small sporulating cells, and also their develop- 
ment to regenerative bodies and to endospores. 

Typical gonidangia of Azotobacter may be seen in figures 5 and n 
of Plate I and in figures 88 to 92 on Plate 8, those of the sporulating cell 
type in figures 79, 81, and 82 on Plate 7 ; in the latter case tlie swollen 
ovals are replacing the sporulating cells, while in the two former instances 
the globular, branched, or spindle-shaped cells are acting as true sporan- 
gia. If small cells swell up to gonidangia they look much like regular 
Azotobacter cells (fig. 20 on Pi. 2 and 57, on PI. 5), and as the latter 
are always able to produce numerous gonidia, it seems as if the true 
physiological reason for the occurrence of this developmental stage 
lies in the ability of these cells to act as gonidangia. The peculiarity 
of all bacterial gonidangia to assume either globular, oval, club-shaped, 
or thread-like forms is also characteristic of the large spore-free cells 
of Azotobacter. That they frequently multiply as such without acting 
as reproductive organs places them parallel to the dwarfed growth (of 
the gonidia) and to the coccoid growth (of the regenerative bodies]. 
Instead of gonidia or endospores new cells of normal size may be directly 
formed within these large receptacles. Figures 6 on Plate A and 21 
on Plate D of our preliminary paper {28) illustrated such cases; similar 
preparates are shown in figures 90 to 92 and 94 on Plate 8 of the present 
paper. 

The fungoid type of growth was shown to be the result of a consolida- 
tion of slime tlireads containing numerous gonidial bodies. Accordingly 
it is easy to understand why in this case the formation of artlirosoores 
is very common. The gonidia simply increase somewhat in size at the 
cost of the cell and surround themselves separately with cell walls. 
Occasionally, but much more rarely, normal rods or threads act in an 
analogous manner. Figures 51, 54, and 55 on Plate 5, and figure 66 
on Plate 6 illustrate the arthrospore formation of the small non-sporulat- 
ing and sporulating growth types. An upgrowtii of other globular celb 
from the encapsulated symplasm also visible in figure 66 wll be discussc 
later. The fragmentation of the large threads shown in figure 78 on 
Plate 7 could also be accepted as another instance of arthrospore foroji' 
tion, but as the globular cells produced in this case ^e able to 
as such, this occurrence is to be considered more similar to tliat , 
in figure 21 on Plate D of our preliminary paper (28) and mention 
above, _ _ 

Terminal swellings — that is, regenerative bodies in a 
but still inclosed in the mother cell— are the first step toward 
tion of endospores, as was fully discussed in Part I (25) and ig i 

firmed in the course of these investigations. Figpires 45 and 46 on 
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32 to 54 on Hate 5, as well as figure 83 on Plate 7, represent the chlrar 
actenstic picture of cultures inclined to begin or to resiune enHncnnr, ^ ^ 
Heating of such strains firstto 70“ C.,laterto 75“-9o‘> C prot°d^phT’ 
tendency to produce such terminal bodies couldle stabUized^lpl,^ . ^ 

tually to ae production of typical polar endospores or 
tive results are frequent in such experiments but thev dn^nnt hi 
the less numerous pos tive ones. ras pointed LtSforc these^S 
evolved small sporulating strains often grow very slnwlv m ^ 

fact which also deserves full attention. & coLlctT v h” a 

endospores of the small-cell type withstood 95“ C. for 4 to 5 minutTgS 
ior I minute, and those of the large rods q 8® C for \ . 

germination was mostly polar in both cases RtiflHm the 

.,»ly ««. .if 5,. ,„,e “ E, 

hgure 20 on Plate D of our prel minary paper TuT oy 

always germinate directly; sometimes they fot swell t 

weakly staining ovals which are indistingukable from microcS to 

ii"“ rr vs 

S[.,o do not stmtoate bnt reproduco, olttW b, bSddiS^Sy'Sh? 

2 lo 4 gomdia or regenerative bodies, which again mav m,%;.yi 

(%.70onP1.6). As was pointed out in Pm nfs/rarUimna^^ 

10ns were made before; they demonstrate anew that tw 
gonWia is in fact the fundamental mode of bacteriafreprodStof 

4 “ w“3 “WO r. .ttXioo- 

511’ ,rx 

tion was carefully stnrliVH iZ whose germina- 

germ maybe of coccoid or of threadlHc ^ and others. That the 
and 94 on Plate 8 With th^ illustrated by figures 93 

^Picnous. The coccoil 5rf eiZ th“" 

latter case they maTact armicroc^t. nr h ‘^i tl‘i‘^k-walled; in the 
pale ovals are not infrequent oerhan*? a dwarfed growth small 

sporulating cells The large counterpart to those of the large 

sporulating cell type were^foi3 m as well as of the 

to be expected. ^ ^ ^ ^ become gonidangia, as was 

d^F0R.M.yTI0N OF THU SYMPhASM AND THE REGUNERATrON OF CELTS 

?raduJ dissociation ^ preliminary paper ( 28 ) the 

celh fct ntostomd " °f. 

d I of these Studies fpt; P/o pictures were published in 

f^ThotS 0" XtV42 

otJr “ coii^tSn'^'^' (Pi. rt 

“J^»ere see/t^^jem^^ter vegetative as well as reproductive 
^ ""“g vegetative celk 4re reg^arly. If vigorously 

25622-23 2 transferred, practicaUy without exception 
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and on all substrates used the dissolution took place after lo to 20 days 
and about a week later the regeneration became general. If old materiai 
is transferred, typical symplasm or regeneration of cells may be seen of 
course, from the start. If the transfers are repeated at short intervals 
the characteristic change between cellular and amorphous stage mav 
occur much more frequently. For instance, transfers were made from a 
young culture of normal spore-free Azotobacter cells on mannite-nilrate 
agar and repeated each morning and each evening for several weeks 
For a few days normal development took place, the next 6 to 8 transfers 
gave only very little dewlike transparent slimy growth made up of typical 
symplasm, later normal development became again visible, and so on in 
regular alternation. The tubes which first showed only symplasm gave 
normal growth after 2 to 3 days’ delay, while with transfers made from 
vegetative cells no lag was noticeable (25, p. i8g). Occasionally svm- 
plasm was also found in young colonics. On the other hand, cultures 
kept without change in mannite-nitrate solution for several years ex- 
hibited the regular alternation between symplastic and cellular stage 
quite clearly as long as the microscopic tests were continued. 

As was described in our preliminary paper {28), the newly formed 
symplasm may be either homogeneous and not stainable with aqueous 
dyes or of a more or less hairy stnicture and easily stainable. These 
differences may persist until the new cells are formed, or changes from 
one to the other type may occur. Amoeboid motility, recorded by sev- 
eral authors (25, p, 18 j), was never observed, but strong inner move- 
ments in the amorphous clumps could be easily seen in the hanging 
drop. Encapsulated symplasm, as was described by Lankester in 1876 
(23, p. 170), was only found in very few instances (in some, but not m 
all, milk cultures of the small sporulating rods) . Figure 66 on Plate 6 
shows three such “macroplasts,” as they were called by the British 
author, intact but of relatively small size (most of them were rivice as 
large as those photographed), and one which has liberated its sarcina-like 
mass of small globular cells, which on account of its thickness could not 
be properly focused in the picture. The streptococcus-like chains also 
visible are the next step in the development which led to a uniform 
coccoid growth of typical regenerative bodies. The regenerative units 
which first become visible in the symplasm may either gradually increase 
in size, as illustrated by figures 98 to 100 on Plate 9, or may agglomerate 
to full-sized cells (figs. 56 and 59 on PI. 5; fig. 84 on PL 7; figs. 103 and 
106 on PL 9). The regeneration of small sporulating rods is shown in 
figure 102; it should be compared with figure 15 on Plate C of our 
preliminary paper (28). Figure 104 illustrates the possibility of the 
newly-formed rods growing in a radiate arrangement, while figure 105 
indicates that in other cases the new cells may appear along and parallel 
to the edges of the lobes of the symplasm. If lobes are torn apm, 
as easily happens in making a preparate of such growth, a picture resu s 
which very closely resembles Bacillus pediculatus A. Koch et Hosaeus, 
while the appearance of the intact symplasm of this kind is very simi 
to B, vermijormis Ward and practically identical vrith Newskia ra^^ 
Famintzin (34, pp. 5^-55, Pi 1 ). There is no doubt that a 
study of this type of bacterial development will release qI 

the so-called genus Newskia from their isolated position in the sys 
bacteria. The bacteria visible at the edges are not 
slime, as was assumed, but it is the (slimy) symplasm which pr 
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hese cells first at the periphery, later also in the center. The short rods 
isible in fig^ire ^^5 became long threads, which closely followed the out- 
ines of the lobes of the remaimng slime, until this was completely con- 
certed. Irregular spiroclmetoid cells, similar to those of figure 12 on 
^late i, are shown evolving from the symplastic stage in figure 107 on 
Plate 9* And in fi^e 108 queer whiplike and fungoid forms are pre^ 
seated which are fairly frequent in old potato cultures of the small-cell 
types of Azotobacter as well as of Radiobacter. They often assume 
(iuch larger dimensions, in which case no clear photographic picture is 
obtainable and are probably identical with what was described by 
Winkler as “fiHdia” (23, p. 175), As, however, not always filiform but 
often very irregular forms are assumed by such agglomerated symplasm 
(fig. 21 on Pi. 2}, it seems recommendable to adopt the term “sclerotia’' 
for these comparatively solid formations. They are no ’‘involution 
forms’' but produce either by fragmentation or by a second passage 
through the symplastic stage cells of normal shape. The term “filidia,” 
however, may be properly applied to those mor§ or less solid large 
threads which often appear temporarily in the course of the regeneration 
of new cells from the symplasm. ^ Figures 33 and 36 on Plate 3 illustrate 
this possibility, which was also discussed in Part I (25, p, /p^). 

4 .— Conjunction 

Conjunct cells were regularly observed in young Azotobacter cultures 
of large as well as of small-cell types, usually when 2 to 4 days old. 
In older cultures the process may repeat itself, after new cells have 
emerged from tlie symplastic stage. It is quite evident that this uniting 
' two or more cells at the time preceding the formation of gonidia, of 
generative bodies, or of endospores is not without physiological signifi- 
iDce. Especially convincing in this respect is the formation of regen- 
■ative bodies at the point where two cells united ; this represents the 
^act counterpart to the formation of zygospores among fungi and 
igae. Figure 30 on Plate 3 and figure 68 on Plate 6 illustrate this 
ccurrcnce very clearly. 

The various modes of cell union described in Part I (25, p. 1^7-203) 
s characteristic of bacterial conjunction, including that of free endo- 
pores, were all observed with Azotobacter. Pictures of lateral con- 
ections and bridges, as well as the uniting of large and small cells, 
ere demonstrated by figures i to 3 (PI. A) and 22 and 23 (PI. D) of 
Jir preliminary paper {28), Conjunction by bridges and by beaks are 
‘SO visible in figures 278 to 294 of Part I (25); and figures 95 and 96 
3 Plate 8 of the present paper illustrate a mode of cell union which 
as the making of bridges and beaks, duplicates in a striking man- 
certain copulative processes known from yeasts (25, p. 199). That 
c evelopmeat of endospores and of gonidangia is preceded by cell 

■ is fairly clearly indicated by the pictures shown in figures 

iDmdi/l’ (Pi* 6), 81 (PI. 7), and 89 (PI. 8). Especially 

■ fL and triangular gonidangia are probably always the result 

of two or three cells. They are produced regularly by 
'Wte^ ^P^^ulating cell type as well as by the fungoid growth of Azo- 
‘UnatiL ^ interesting counterpart to analogous 

spirilla, (Compare especially figure 12 on 
btft ViTT r 7 paper with figures 86 and 87 on 

m Part I (25).) Undoubt^Iy these facts would deserve 
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more detailed investigation; but in view of the experimental 
culties already encountered in such studies with the comparatively large 
yeasts, the outlook is not very promising. 

different types of growth of AZOTOBACTER— COMPARISON’ 
WITH OTHER BACTERIA 

If the seven cell types characteristic of the life cycle of Azotobacter 
are separated and fully stabilized, they naturally exhibit pronounced 
differences in physiological and especially in cultural behavior. But 
our experiments revealed that there may be more than one type of 
growth pertaining to one type of cell form, due to different pigmentation 
of the bacterial growth. The large nonsporulating cells may grow white, 
yellowish, or brown, and the large sporulating cells either white, or 
yellow, or brown; but in these two cases stabilization of the differently 
colored strains remained more or less incomplete. On the other hand, 
the coccoid, the dwarfed, as well as the fungoid growths of Azotobacter, 
may show white, yellow-orange, or red pigmentation; and all these 
strains could be brought to a very marked stability. The small non- 
sporulating rods grew usually white, more rarely yellow; and altliough 
the small sporulating rods did not exhibit any pronounced pigmenta- 
tion, they, too, showed differences of growth which thus far have been 
accepted as sufiBcient for establishing different bacterial “species." 
But even if only the pronounced and fairly constant differences in pig- 
mentation are taken into account, we are confronted by the truly aston- 
ishing result that Azotobacter may present itself in not less than 14 
types of growth, all so different from each other that, according to the 
customary methods of defining bacterial species, they all would have 
to be accepted as separate species belonging to five or six different 
genera. 

Before entering upon the characterization of tiiese different types of 
growHi of Azotobacter a summary may be given in Table I, showing how 
often each type of growth was observed in our experiments, how many 
transformations were effected in each case, and in what direction these 
transformations took place. Most of the dwarfed type strains grew 
yellow; therdore all of them are listed in one column. 

These 188 transformations effected among approximately 2,000 trans- 
fers may not appear very impressive. However, several points haw to be 
considered in this respect in order to reach a fair valuation of t ese 
results. First, it has to be kept in mind that under the microscope tne 
seven different cell types have been seen in all cultures, althoug ^ 
munber of cells of different shape was frequently not large 
permit separation by plating. Secondly, it frequently happened 
when plates were made the changed cells returned to 
of growth, or their colonies were at first so similar to the others t a 
escaped detection. And the third point is that the new strains, 
established, repeatedly proved themselves very upfore 

tioned above that retransformations took place occasionally not 
five or more years had elapsed, and after hundreds of 
made. It might be assumed that single-cell cultures should ? * 

better results, but as pointed out before we do not share this 

As most of our experiments were made with Azotohaci^ cnroo 
A. Beijerinckii, their types of growth will always be disc 
and then the differences obtained with regard to A. ague ana - 
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TablK 1.— Types of growth and tran^ormaUons observed in strains of AsotobacUr 



1 Number of transformation# to different types of growth. 

Type of at besuming 

of experinicat. 

Large spore-free 
cells. 

Coccoid#. 
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1 

^we-free 
small rods. 

Fungoid growth. 

Spomlat- 

ingrods. 
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1 

1 

White. 

i 

j 5 

*3 

w 

oi 
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"0 
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p 
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0 
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Yellow. 
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0 

1 
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3 

0 

0 

3 

I 

0 

0 

12 

Dwarfed growth 

2 

1 
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0 

0 

0 
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0 

0 

I 

18 

Spore-free small rods: 
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! I 

I 
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1 

I 
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83 
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3 
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n 

0 
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0 

2 

0 

0 

0 

3 

Yellow 
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t 

3 

X 

37 
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1 
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0 

0 

0 

I 

Sporulating rods: 
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2 

3 j 
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0 
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0 

I 

6 

Large 
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2 1 

2 
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4 

0 
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20 


1. 
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3 

0 
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0 

I 
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25 

Total 

21 
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16 1 
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24 
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3 

6 

21 

14 

1 6 
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I.— I^ARGE NON-SPORUEATING CELLS 

.ih'Tw “ '908 by the senior author together 

Mth T. Westermann (30). a detailed description was given of all pecu- 

I'rstSiit f ® “J's- based on a comparative study of 

21 Strains, to which only few additions are to be made. The observa- 

dir“d?aSd“to^‘' Azotobacter to form branched 

novff. occasionally as a yellow or as a white sarcina have 

“oKrid cxptoaUon in the discovery of the fungoid and of the 

severs? growth. It was also pointed out in that report that in 

potSo Am^hd especially in its colony formation and in its growth on 
Cld’s Nome may exhibit certain traits characteristic of sporulat- 
confirmative results were obtained in this direction, 
typical c^^^ “ on mannite-rntrate agar did not show the 

broffnish qtriipt ■ granulation, but a more or less hairy and 
The™ Mef from ^be tendency to develop the rod form, 

both ®een with 

ihatproSy^ rhroocoaam Md ri. Beijerinckii. In 1908 it was said 

««; our ® ''“ety of A. chroococ- 

a "'bite strain of Prove the correctness of this view. Expecially 
toowski f.iol (NC' to), originally isolated by Praz- 

atrains of A ' ri,,„ exactly like A . Beijerinckii. And several typical 
“tsumed the f°t' five years in mannite-nitrate solution 

to I 


to 'ievdop'th^.li!?T^^?T*^®t; is, they showed now Iftrie inclination 
yellow to Vht r brown to black color but produced a light 
light brown slimy growth. On the other hand, typical strdns 
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of Beijerinckii were also found to be able to develop a dark brown 0 
black color when they were kept for several months in tubes contabk? 
mannite-nitrate solution and partially immersed strips of filter papJ 
Directly above the solution the characteristic thick yellowish to browni^jj 
slime was always noticeable, but at the upper edge of the paper strint 
after four to six weeks a thin dark brown to black growth became visible 
and the microscopic inspection revealed the fact that the cells in this case 
were much more solid and more uniformly stained than those making the 
more slimy light-colored growth. The latter are always granular* and 
only partially stainable, as is characteristic of A. Beijerinckii With 
A. agile analogous observations were made. The slimy growth was 
again of light brown color like that of A . Beijerinckii and at the upper 
edge of the paper the same black development appeared in old cultures. 
If agile does not produce its characteristic green pigment, as frequently 
happens, its growth is hardly distinguishable from ^at of A. Beijerinckii; 
but here other types of growth as well as slight differences in morphology' 
permit a clear differentiation, whereas there are no such differences 
between A . Beijerinckii and A. chroococcum. A, vitrmvi has never shown 
any pigmentation of its large nonsporulating cells, which practically 
always retained their typical globular shape. The only exception 
noticed thus far was discussed in another paper {26) ; the large rodlike 
forms seen in this case were inclined to assume endosporulation, which 
could not be fully established, however. The large globular cells 01 
A. mtreum leave no doubt about their being gonidangia or microcysts, 
and their behavior and appearance is very similar to that of globular 
gonidangia and microcysts of A . agUe. A comparison of figure 6 on 
Plate A of our preliminary communication (28) with figure 94 on Plate 
8 of the present paper may illustrate this similarity. These large cells 
are Gram-negative, as is typical for the nonsporulating large cells of 
A . chroococctm, A . Beijerinckii, and A . agile, but the somewhat smaller 
globular cells of A. vitreum, which often occur in sarcina formation, are 
Gram-positive. In this as well as in all other respects they display the 
character of the coccoid growth common to all Azotobacter strains; in 
fact, with all of the latter cultures microscopic pictures were obtained, 
especially from potato agar, which looked exactly like A. vitreum. In 
the first Azotobacter paper (jo) it was mentioned that a white sarcina 
was grown from A. agile, as was a yellow sarcina from A. Beijemck'i 
No explanation could be given at that time; but to-day we knowtkjt 
it was the regenerative bodies we had before us, and we are now also ab,e 
to show that A. vitreum may grow in other types equal to those oi 
A . agUe — that is, A . vitreum is a variety of A . agile, as is A . Beijerm 
of A. chroococcum. Cultivation of the large nonsporulating 
slightly acid mannite-nitrate agar (Ph 6 .o) always gave during the s 
two weeks good typical growth with strong characteristic pigmcuta 10 ^ 
in older cultures, however, the tendency to produce small cells eea 
very marked and was repeatedly used to great advantage. Pota 0 ag . 
on the other hand, favored especially the coccoid grow^, while 1 
quick changes to all different cell types were observed simultaneo 

2. — COCCOID GROWTH 

As was explained before, this type of growth results by 

live bodies cease to act as such and begin to multiply by 
budding. It is self-evident that in the beginning such strains 
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very unstable; they either grow up to large cells or reproduce rods either 
by germination or by simple stretching. But if they are once definitely 
established (cultivation on bed or on potato agar proved best for this 
purpose) they may cling tenaciously to their now micrococcus-like habit 
of growth. White growth was most frequent (Table I, p. 415) yellow 
next, and pink much more rare. Changes from white to yellow and 
from yellow to pink were observed in some cases, in full agreement with 
the results recorded with Micrococci (25, p. jr, 4^) . As A. chroococcum 
as well as A. produce all three types of growth, it is easily under- 
stood why these differences in pigmentation can not be constant 

The white coccoid growth is very similar to that ascribed to Aficro- 
coaus conceutncus Zimm. On agar smooth circular colonies are formed 
which have a finely granular structure, resembling under the micro- 
scope very much those of the Bacterium pneumoniae Friedl. group 
except that the radiate stripes are missing. On gelatine they are dis- 
tinctly zoned and have lobate edges. The growth on beef agar as 
well as on manmte-nitrate agar, is varying from thin dew-like to thick 
aerogenes-like layers. Gelatine is not or only very little liquefied 
Beef broth becomes slightly turbid and has no film or ring but heavy 
sediment, Milk remains unchanged, brom-cresol-purple is slightly 
reduced; occasionally a slow peptonization takes place, which however 
was always accompanied by a change from the coccoid to the fungoid 
cell type. On potato a thick, creamy yellowish grayish brownish 
growth, similar to that of Bacterium aero genes, was observed. 

The yellow coccoid growth differs from the white one practically only 
by the yellow pigment produced in the cells on agar, gelatine potato 
etc., and pink growth behaves in an analogous manner, except that 
the ^owth on potato was always very scant and colorless. Gelatine 
hquefartion was always absent or very moderate; motility was never 
seen. The pink cocci gave sometimes a brown hue to gelatine as well 
as to potato agar. According to the customary diagnosis, these yellow 

Micrococcus 

(r ZZ t^T"'' P" -Werococrar roseus 

(bmaii]) tiehm. et Neum., respectively. 

Nitrogen fixation was not noticeable with these coccoid strains 

bvlhe is proved 

v 4 w ^ a culture, once determined as Micrococcus suljureus 

ou^iv / t assimilate free nitrogen vigor- 

regeUat w n vegetative growth of the 

dose to a T sporulating rod, which stands very 

'-iose to those developed from Azotobacter. 

3. — DWARFED GROWTH 

Ui^gom'dia^^t k 0^ the vegetative propagation of 

very^long tile beginning, and not infrequently for a 

wWtish ci eeW ‘“f “d easily overlooked. Very small 

yellow sCtul fn iT' °t®hout K-mm. diameter, of finely granular 
edge, are most tTOicaf iTth ^hite, smooth appearance at the 

twe may becLv^LlL ■ ““F® vigorous, a flaky struc- 

^orrhagicae Hi.enn 'p ^ "’’th Bacterium sepiicaemiae 

Woreth^clnicft^ It often took two weeks 

visile. Transferred to agar, the growth is 
y very thm and dewhke, and it may remain so on all 
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substrates — that is, a thin, colorless slime appears on solid media 
while milk is left unchanged, and in broth as weil as in mannite-nitrate 
solution hardly any growth becomes noticeable. More frequently 
however, a better development takes place after a while, and in ali 
cases observed by us this better growth was characterized by a bright 
yellow coloration, with the exception of two cases where later a red 
pigment was produced. The microscopical aspect and the other cub 
tural peculiarities were identical in both cases. As no such bacterial 
growth was fully described before, as far as we know, the necessar)- 
data may be given here. 

Morphology (Pl. 3).— Typical to globular, oval, wedge-shaped, or rodlike 
cells, sii^le, in ^oit chains, or often in clumps, after two to four weeL mostly small 
cxjcci, % to yip-. Changes to small rods, to coccoids, and especially to fungoid growth 
were frequently observ^ed; occasionally also upgrowth from the symplasm to large 
sporc-free and to large sporulating cells. 

Staining after Gram was mostly negative; only in some cases very small granules 
showed a positive reaction, while the rest of the cells remained negative. 

Motility was mostly absent, only when Gram-positive granules were present the 
cells developed motility by one polar flagellum. 

Conjunction was frequent, especially in two days old cultures on salt agar and in 
salt-broth. Zygospores were formed. 

Go nidi A were produced after the cells had grown up to full size. 

Gonidangia of threadlike, clubbed, or globular shape, the latter equal to normal 
Azotobacter cells, were produced especially on potato agar, on potato, in milk, and 
in mannitc-nitrate solution. Thin nccdlehke outgrowth was seen occasionally. 

RgG^N^RAnve BODIES of globular shape appeared, as a rule, after 2 to 3 weeks, 
especially on agar and on potato. 

Microcysts.-— Ihe small globular or oval cells often became thick- walled and 
germinated later to small, pale, thin-walled ovals. 

Endosporbs. — Pale, small ovals were seen to transform themselves in toto to bright, 
heat-resistant bodies, which gave rise to typical sporulating rods. 

Symplasm. — Nearly always small as well as large cells developed from the symplasm, 
the former always and in much greater number in the thinner portions close to the 
edge, the latter in smaller number in the inner thicker parts. Eilidia and sclerotia 
were also produced occasionally, the latter resembling those shown in figure ro8 on 
Plate 9. 

Colonies. — On beef agar and on mannite-nitrate agar circular, ^ to t mm. in 
diameter, whitish to yellowish, with finely granular to flaky yellowish structure, 
edge white, smooth. Occasionally larger, more slimy, and more whitish colonics 
were formed (changing to small rod type), or larger yellow circular colonies (changing 
to coccoid growth), or yellow brownish colonies with somewhat irregular edge 
(changing to fungoid growth). On beef gelatine small yellow, dense colonies iviih 
smooth, ^arp edges were formed; gelatine was not liquefied. 

Agar slants. — On beef agar and on potato agar a flat, bright yellow, especially 
greenidi yellow, growth with somewhat irregular outlines is most frequent. Occa- 
sionally it becomes orange or yellow browni^ (and the cells become in these cases 
fungoid). On mannite-nitrate a^ the growth is thinner than on beef agar, often 
only dew-like and transparent. Phosphate agar gave a bright greenish yellow gwvti. 
The two red strains turned from whitish yellow to orange and later to brick red, 
their growth remained always very moderate. . 

Beer gelatine ^ve only meager, thin surface growth, transparent or yellow; me 
gelatine remained either firm or showed after three to four weeks a little bowl-shape 
depression, but only very little liquefaction. ,• 

Beer broth became slightly turbid, contained some yellowish (or reddish) se • 
ment; but only in one case a loose, thin yellow film and a thin yellow ring 
produced. j 

Milk remained always unchanged, except in those cases where the cells 
fungoid ^wth. Some yellow (or red) sediment was always noticeable; occasio 7 
also on me surface a ring and a few flakes of Uie same color appeared. 

Potato gave growth, as a rule, only after repeated inoculation. 
tran^arent slime appeared, which changed with well-growing strains 
greemsh yellow (or brick red) slimy layer. Occasionally it became dun 
(^changing to fungoid tjrpe), or remained slimy, but turned brown (changing 
spore-free cells). 
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MannitE-nitratb soi^ution gave mostly only very little growth: it showed slight 
turbidity some yellow sediment; m a few cases the solhUon iWlf bec^flk 

tincUy yellow. 

Nitrogen fixation was not noUceable in pure culture, but a very pronounced 
stimulating effect _w^ exerted u^n the formaUon of thick floating in 

mixed cultures (with large spore-free as well as with fungoid cells); 

Identical transparent and yellow strains of the dwarfed growth were 
isolated from Azotobacter chroococcum, A. Beijerinckil A a^ile and A 
ntreum The two atypical cultures of red pigmentation came from one 
strain of 4 . while two other strains of this kind did not 

produce such growth. It can be safely said, therefore, that the various 
Azotobacter species and varieties did not exhibit any difference in their 
dwarfed growth. Bacterium antitypkosum Almquist, discussed in Part I 
(,5, p. /47), IS equally indistinguishable from our dwarfed Azotobacter 
gro^ morphologically as well as culturally; only the agglutination test 
would permit differentiation. Furthermore, one culture of Bacillus 
putniliis gave us a very similar, although very weak growth, and it is to 
be expected that in many other cases analogous results will be obtained 
as soon as the bactenal gomdia and their behavior will be made the obiert 
of adequate studies. J 

4. FUNGOID GROWTH 

As was discussed above, this type of growth is closely connected with 
the gomdial development. But whereas the gonidia, when they grow 
as sucli, becoine similar to a minute yellow Mycobacterium, the fungoid 

® large Mycobactermm 

which d^plays on potato a veiy characteristic dry, raided growth of pink 
color. Here the differentiation of Azotobacter chroococcum and A. 
jerincku irom A. agile and A. viireum is very sharp. Identical strains 
of the white-pii^ mycobacterium were isolated from practically all our 
u lures of A. chroococcum and A. Beijerinckii, but never from A agile 
w 4. A few mycobacterium cultures of yellow or orange color 

with th^'^^^f ^ always closely connected 

torfc common to all Azotobacter strains, 

iww ; given by Lehmann and Neumann (rd'), 

with Mrifh Vierling (^j), our yellow cultures may be identified 
torf™ Sohngen, and the orange ones with Myco- 

lin^’s fiiidit;;th“t^“'-'^'^ Neum.; but we have also to confirm Vier- 
behi-con^ T pigmentation is not absolutely stable. Changes 

'r and occasionally also S 

rthThe ivere found 

'^.’’/ractcristic of Azotobacter chroococcum 
whu^en Pnf+i, !i' identical with Mycobacterium album 

0 Perait a defidl « too short 

Ifowth seems tn h ! “‘tier description of this type of 

been published, our notes may find a place here. 

‘t"*! granules are most 

^'fotoutfroivUi nf H,. m manmte-nitrate solution. They are usuallv 

“lifoSy "f?”* gradually more regular sSpe aud^Sn 

is always noticeSl^ ir*'^ P'eomorphism tUicalS Mycobac- 
" Wmannl MdX- Table ^ and Mgure X of Table 

"®'ltesp(.(.i 5 ji ^^,^aims atlas (i8) could have been made from our slides. 
ly the trausfomaU^^rSif tom's were seen; but continued cultivation in milk 
' endosporuIatiS ™ Producing small rods. On potato the iuclmation 
*’’« small nomporulatimr pronounced, while cultivation on potato ^ar gave 
pomiatmg rods or white or yellow coccoid growth. In soifand in 
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mannite-nitrate solution, especially with Pn 7.5, the tendency to reproduce ]- - 
nonsporulating Azotobacter cells was sometimes very marked, and transformat^^- 
were effected accordingly. _ 

Staining after Gram was alw-ays positive. 

Motility was always absent. 

Gonidia are often liberated in great numbers especially from the slimy sheatli 
(fig. 40 on PI. 4) and were frequently seen to grow up to rods or to pass over to th^ 
yellow, dwarfed growth. ^ 

Gonidangia. — The large, slimy threads containing numerous gonidia may h 
accepted as such. In addition the large, globular cells, produced in soil and 
mannite-nitrate solution, which later grew as regular Azotobacter, are typical 
dangia. Such globules, when developed from the symplastic stage on potato a<rat 
quickly dissolved into heaps of small coccoid cells (regenerative bodies). *' ' 

Regenerative bodies were produced regularly in lateral or in terminal position 
The former were seen to reproduce small spore-free rods, w’hile the latter were inclined 
to become endospores. 

Arthrospores and microcysts ivere frequent on all substrates, but most abundant 
in water. 

Endospores ivere developed from the terminal regenerative bodies in five cases 
When the microscopic picture was similar to that shown in figure 45 on Plate a th- 
material ^vas heated in beef broth or in mannite-nitrate solution first to 70^ C., hur 
to higher temperatures up to 90° C., and from successful tests cultures ivere made on 
potato and on beef agar. Heated material gave at first development intermedi.ik 
between normal fungoid growtli and small sponilating rods. Plating and repeated 
heating permitted final separation. 

Symplasm produced ve^ manifold growth (Figs. 38, 47, and 48 on PI. 4, Figs. loc. 
102, and 107 on PI. 9), although the typical pale, irregular sheaths with dark granules 
appeared most frequent. QTie large spore -free cells originated always from the smi 
plasm. Irregular sclerotia, like those reproduced in figure loS on Plate 9, ivcre alfc 
found with this type of growth. 

Colonies on mannite-nitrate agar and on beef agar were in the beginiiiiig smaller, 
but otherwise very similar to regular Azotobacter colonics. When the fungoid groivii; 
was more firmly established,, the colonies appeared macroscopically whitish, fiat, with 
raised center and irregular edge, microscopically brown in the center, of hain stnic- 
ture, with thin, transparent, fringed edge, very similar to Figure X of Table 69111 
Lehmann’s and Neumann’s atlas (/ 5 ). WTicn the tendency prevailed to assume a 
more regular rod-shaped growth, the colonies became circular with sharp edge and lice 
granulation, whereas the inclination to change to sponilating rods caused the appear- 
ance of smaller colonie.s with hair^” structure and irregular moss-like edge, similar to 
small colonies of Bacillus mesenicricus . 

Agar slants, — A fiat, dry, grayish or whitish growth with thin, irregular edg ii 
typical on beef agar as w e 11 as on mannite-nitrate agar. Often white spots are scaUtrtd 
over the surface . If the small spore-free rods are developing a thicker slimy white or 
slightly pink grow^th appears, w hile the change to small sponilating tods is accompauieo 
by a slightly yellowish color of the layer, which may sho'w a fc^v ^vrinkles. Potato agtf 
produced a thick yellowish pinkish growth with yellow secondary colonies, from vhicn 
a pure growth of yellow coccoids was branched off. 

Beef-gelatine. — Irregular, thin, grayish or pinkish surface growth, little develop- 
ment in stab; no liquefaction. 

Beef broth. — ^U niform turbidity, loose grayish film, whitish ring, heavy slus’ 
white sediment. 

Milk unchanged during the first days, then slowly peptonized, turning broi'^ 
becoming alkaline and very slimy; on the surface often a brittle film and , 
ring are visible. After repeated transfers from milk to milk the peptonization ^ 
brown discoloration ceased and the milk remained neutral and became very fop> , 
cells had changed from the fungoid type to small nonsporulating rods, 

Potato. — Typical raised, dry, pink growth with irregular surface and edge. 
a yellowish grayish brownish, more or less slimy growlh was produced; m these 
the irregular cells assumed rod shape. . ,1 . .uar od 

Mannite-nitrate solution became slightly acid, remained ip of the 

the surface a thin grayish film developed, which often ascended 
tubes and frequently show’ed the white dots characteristic of the growlti ot 
Beijerinckii; on the paper above the solution a thick slime developed, 
turned brownish, and a heavy, w^hite, slimy sediment was formed m the ^ btit 

Nitrogen fixation by pine cultures in mannite solution ^'^charactedsh^^ 

there was a pronounced tendency to produce the wrinkled dotted film, ^Qjfjiosis 
of crude Azotobacter cultures, especially when the fungoid cells gre'' 
with the dwarfed cells. 
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The characteristic pink growth on potato reminded the senior author 
that some strains of Sacfemm fadu viscosum, tested by him in igoffw 
nitrogen fixation, had presen ed a very similar appearaLe L) O W 
these cultures was still available, as was anotto strain of the sle 
organism, isolated m 1909 from slimy milk. When tested, both sfrXs 
behaved exactly alike and appeared very similar to the whit^ f 'a 

gtovvth of Azotobacter Cell Sorpholog^, cdony forS^tbn^ he" Taf 

actenstic growth in m. k and on potato were the same in both cases' 
and It on account of these observations that with the fungoid A^oto 
barter strains frequently repeated tests in milk were made wTch as wL' 
mentioned above caused mdted a transformation to slime-prodLTne 
rods, winch proved to be identical ivith Bacterium lactis viscosZ ^ 

5 - SMAI,!, NONSPORUI^ATING RODS 

White and yellow nonsporulating rods were observed with all four 
types of Azotobacter; but their morphological and rnlt, rli 1,!^ • 

aHowed a dear separation, those dervied from LooiowtZ 

;[■ fw “ ^ differentiated from those of A. and 

The white slime-producing small rod form of AzoMac/er ckroococcum 

Z fJZT Z't: A f Bacterium lacZZZZZ 

IM, p. 31(1, 23, p. sp, 590) A transfer from Adametz’s original culture 
tvliich was received recently from Krai's Museum, differed con iSlv 
horn the older descnptions, including that publi hed by Adamcfrfrf 
The rods were of very irre^u ar size and u 

rut^t?fig,' 57 on H 

rii«7T7\““''T Macter chroococ- 

a";en as io tT” u “ ""r. counterparts to the whte rods 

directly related to the dw-irfeit’ ^'11'^^ ' ^ hand, they are 

fungoid tvne fT™ 1, yellow growth, as well as to the yellow 

I'c Ls or7e7 So7e7 developed and into which the/could 

■nrmotil “ er 7 S^ 7 r' “thJs were 

'■aryingdc 7 e S^’^atine to a 

ndlk alkalis anfdLs^^ff nLTi u ® “^de 

greenish yellow to bright ^ ™d produced on potato a thick, 

sencral character nfti y®’*°w to yellow-brownish slimy growth. The 
was sometimes verv'^s^mM from the dwarfed growth, 

Lehm. et Neura while tU T Bacterium turcosum (Zimm.) 

Med more those straim 7«JriKeT ™®°‘de yellow rods resem- 

(Zimm.) Lelim. eU^u ^7 ^ ochraceum and Bacterium 

ProducS 7 uo 7 scmcroHtfrt? ^d A. vitreum cither 

Mh cases, howe ™r m 7 ntl 7 ^ 7 °*^ u^ substrate unchanged In 
euy formation, and growtlfoti rif^’ reproductive organs, col- 

''“orwceuf which dTd To^t H^ 7 f T^“®‘^‘^ ^ Bacterium 

did not liquefy gelatine or only weakly {Bacterium 



422 


Journal of Agricultural Research 


voi. xxirr, xo. s 


putidum Lehm. et Neum.). The fluorescence, when it appeared, ^as 
mostly weak and apparently was favored by a slightly acid reaction 
is the case with the typical A. agile), while ammonia, contrary to the 
usual behavior of Bacterium fluorescens, remained without effect 

The yellow rod developed from the dwarfed growth of Azotobackr a?ih 
retained most of the cultural characteristics of its origin; merely the 
cell form was at least temporarily very much like that of Bacterium puti. 
dum, and there was a clear tendency, especially in broth cultures to 
assume endosporulation, which, however, could not be fully stabilized in 
this case. 

Quite different from the white rods of Azotohacter chroococcum^ as well 
as of agile, are the two strains received from Dr. Mulvania (No. 26 
and 27). Both produced large amounts of gas and displayed in every 
respect the cultural characters of Aerobacter (Coli-Aerogenes group) 
However, their tendency to make large Azotobacterlike cells was very 
marked, and therefore we did not feel justified to discard them lightly 
as “contaminations.” Undoubtedly they do not belong to the life cycle 
of A. chroococcum or A. agile; but, as Mulvania (36), too, noticed gas 
formation in his Azotobacter cultures, there remains the possibility, or 
even the probability, that another species of Azotobacter exists, which 
should be more thoroughly studied. The upgrowth from the gonidia to 
large cells was very similar to that observed ^vith other Azotobacter 
strains (fig. 10 on PI. i). The tendency to assimilate free nitrogejihas 
been ascertained with several members of the Aerobacter group [24 p 
688 ), 

6. — SMAIyIv sporulating rods 

Aziobacter vitreum did not produce any sporulating rods, but 18 strains 
were grown from A, chroococcum, A. Beijerinckii, and A. agile. They 
again proved to be polymorphous, and equally so with both Azotobacter 
species. Width and length of the rods, as well as the endospore forma- 
tion, varied considerably, and the cultural features proved to be equally 
unstable. But these alterations were by no means erratic; in fact, there 
was a gradual increase in the size of the rods, a progressive change from 
polar to central sporulation, and a simultaneous passing from weak to 
vigorous growth. The smallest rods with polar spores were extremely 
fragile and little inclined to grow on the substrates used. Frequently 
reinoculation became necessary, and still losses occurred. On the other 
hand, when left undisturbed on the same substrate they remained alive 
for long periods. Two of these strains first appeared in old stock cultures 
(26), and several of them survived when kept for five years in manmte 
solutions. When tested at the end of this period in beef broth and in 
mannite-nitrate solution those of A. chroococcum and A. Beijerinckn 
grew only in the latter, while those of A. agile preferred the beef broth. 

Morpholo^cally as well as culturally these small, weakly growing, 
Gram-negative rods with polar spores are practically identical wim 
Bacillus terminalis Mig., as described by Lawrence and Ford (ro)- 
first it seemed as if those of the chroococcum type could be clearly 
differentiated from the agile type by the appearance of the spores; t e 
latter showing ridges similar to those of B. asierosporus (A, Meyer) wg- 
But the cultural character was distinctly different from that of B. 
sporus and very similar to that of the other strains. Ford ana 
collaborators have seen similar ridges occasionally upon the 
B. brevis Mig., B. fustjormis A. M. et Gottheil, and of related tom , 
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ud it is also our experience that this feature is rather unstable even in 
? Q^terosporu^i ^ ts proved by the permanent absence of ridged star 
nores in the original culture, obtain^ from the New York Museum of 

Natural History. ^ 

^en the strains show a somewhat more vigorous growth and their 
ells increase in size, the morphological and cultural characters become 
dentical to those of Bacillus ftisiformis A. M. et Gottheil, according to 
he descriptions published by Gottheil {12) and by Lawrence and Ford 
lo) with the exception that not only globular spores were produced but 
dso'many of oval shape. Comparative tests made with a culture from 
Jie New York Museum gave identical results. Only on potato agar 
nearly all spores were globular, and these showed a pronounced inclination 
0 become normal regenerative bodies. Apparently B, centrosporus Ford 
’I'j] should also be classed as a variety of B. fusiformis. The cultural 
marks are very similar, and the particular form of the rods is equally 
noticeable with otherwise typical B. fmiformis growth (fig. 63 on pi. 6). 

The next step in the development of the small sporulating rods of 
Azolohacter chroococcum and A, Beijerinckii proved to be a change in 
cell morphology from the slender, frequently pointed forms of Bacillus 
jusijorms to a more compact appearance with rounded or square ends, 
centrally located spores, and a change in the cultural character to that of 
Bacillus pumUus A. M. et Gottheil. Ford was unable to obtain a typical 
culture of this strain, and the one we received from Krai's Museum also did 
not fully agree with Gottheil's description; it displayed in several respects, 
especially on potato, unmistakably the characters of Bacillus fusiformis, 
that is, while our cultures gaining in size and vigor of growth changed 
from the type of Bacillus fusiformis to that of Bacillus pumilus, the 
weakened stock culture of the original isolation had followed the opposite 
course. Bacillus pumilus in its typical form makes a very characteristic 
grayish pinkish brownish smooth growth on potato, well known to the 
senior author from numerous isolations made under his direction by 
Bierema ( 5 ) in 1908. Two of these cultures were still at our disposal, as 
was also one culture of Bacillus Freudenreichii (Miquel) Mig., described 
by the senior author in 1905 p. 7/9) and later recognized as closely 
related to Bacillus pumilus (6). The cultural features were still fairly 
similar to those of the original isolations, but the spore-formation had 
ceased entirely, and the cells exhibited clearly a mixture of fungoid and 
small rod-like growth. As was to be expected from these findings further 
testing confirmed that this fungoid growth of Bacillus pumilus is identical 
with the white-pink Mycobacterium developed from A . chroococcum and 
A Beijerinckii as well as from Bacterium lactis viscosum. It was not 
difficult to change these spore-free strains of Bacillus pumilus and 
Bacillus Freudenreichii by continued cultivation in milk into typical 
strains of Bacterium lactis viscosum. On the other hand w^e have not yet 
succeeded in reestablishing the endosporulation, which once was very 
conspicuous with these strains, whose purity and authenticity are be- 
yond doubt. Successive transfers on potato and heating in beef broth 
to 85° C. clearly favored the return to a more typical rod form (fig. 
5 ^. 54 > and 46 on Plates 5 and 4) and also to the production of fairly 
Resistant zygospores and arthrospores. But a complete success has not 
reached riius far, and this experience makes it easy to understand 
y ^alogous tests with Azotobacter have been and are so often failures, 
whirlr larger than Bacillus pumilus is a sporulating rod 

fl was developed directly from the dwarfed growth (No. 2 grown 
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repeatedly from No. i). A very similar strain was received from th 
New York Museum of Natural History as Azotohacter chroococcum (col- 
lection No. 522). Another subculture received from the same source 
under the same number in 1915 had not shown endospore formation 
but grew very similarly to our dwarfed Azotobacter strains. It 
out iter a while, and therefore w^e can not decide whether the sporu- 
lating growth later received from New York was a legitimate oflFsprin^ 
or a contamination. On account of the fact that the analogous chanpe 
occurred repeatedly under our eyes, the former possibility seems to us 
more probable. The New York strain showed all features of B. arculans 
Jordan (17, p. ^rp), and our own culture (No. 2) was fairly similar ex- 
cept that it was more inclined to become a large sporulating rod like 
those which we still have to discuss. 

The small sporulating rods of Azotohacter agile ^ while resembling very 
closely the smallest type developed from A. chroococcum and d 
Beijerinckii, did not shovy any tendency to pass over to the Bacillus 
pumilus type, and this is again in good agreement with the recorded 
absence of the white-pink fungoid growth in the cultures of A, 

In cell form and colony type these sporulating rods first remained very 
close to those of the small spore-free rods of A. agile (that is, Backrwn 
putidum ) ; later however they did not exhibit any sharp difference from 
the Bacillus ierminalis-jusijormis type. They, too, could be trans- 
formed into large sporulating rods. 


7. LARGE SPORULATING RODS 

Here again Azotohacter chroococcum^ A. Beijerinckii^ and A, agile pw- 
duced very similar growths. The strains derived from tlie first-named 
species proved to be identical, morphologically as well as culturally, with 
Bacillus petasites A. M. et Gottheil (/2), while those obtained irom A. agile. 
exhibited more the character of B, silvaticus A. M. et Neide (37), buttliese 
differences are rather inconspicuous. An old stock culture of B. petasiki 
received from New York v/as somewhat reduced in size, but otlierwise quite 
typical. Like all strains developed from our Azotobacter cultures, it grew 
on beef agar either white, yellow, or brown. These three types of growth 
are not constant on account of the instability of Qie cells causing the 
different pigmentation. The typical, very large, broad, granulated rods 
produce tlie characteristic yellow growth; the weakly staining oval cysts, 
which were discussed above, make a whitish grayish layer; and in the 
brownish material, which also may give a brown color to the agar, sporu- 
lating long rods and threads of more or less regular shape are most fre- 
quent (fig. 73, 74, 76, and 77 on Plate 7). Temporarily, of course, one 
or the other mode of growth may predominate, and in short-termed tests 
such cultures are liable to be erroneously classified as different “species. 
Form, color, and structure of the colonies, although very characteristic in 
their typical development, may vary considerably, too. Occasional!} 
colonies were seen which macroscopic ally as well as microscopically (w" 
magnification) were indistinguishable from those of the large noiisponi- 
lating cells of A . chroococcum; they contained nothing but spores. 

Illustrated descriptions, of two large, sporulating, nitrogen-fixing of 
ganisms {Bacillus malabarensis, and B. danicus ) , which were publis 
by the senior author some years ago (27, 29, 30) can now be 
descriptions of the large sporulating cell type of Azotobacter. A 
newed thorough study of our stock cultures left no doubt that tlie> 
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assume tte character of this organism, as was already indicated in 
those e^her papers Witt reg^d to S. danicus it was sid in 1908 thS 
all cell forms characteristic of Azotobacter were seen except the sS 
form; with the help of onr new y won knowledge this could now beSy 
developed from secondary colonies on beef agar. The curiourwt 
shaped large cdls of B. malabarensis can now also be identified with tte 
gomdangia of the spomlating Azotobacter strains, and that tte original 
isolation produced in maninte solution large globular spore-free Afoto- 
bacter-hke cells (27) is also easily understood at present. 

Bacillar WrarB^^ et Smitt seems to be identical with B. Setasites 
according to the detailed descnption published by Garbowski (l A The 
three types of growth (white, yellow, or brown), the inclinatL to pro 
duce m si^ondary colonies yellow spore-free cells (coccoids), and X 
various cultural marks are tte same in both cases. The ability to fix 
free nitrogen is, of course, variable; B. malabarensis and B danicus were 
found to a^imilate i to 2 mgm. per too cc. i per cent mannke sod 

The potato cultures, which proved most helpful for reestablishing the 
spore-free typical Azotobacter growth, gave also the only opportunity to 
distm^ish mtt some accuracy tte spomlating strains dellped fmm 
Azalobacter chroococcum and A. Beijerinckii and those of A aeile C 
imeor two weeks all of them displayed first tte whitish ' slimy laieJ 
theye lovvglossy growth characteristic of BacUlus petasUes; but to tte 
growth became dis inctly brown when derived from A. hrZoccum or 
A Be,., ermchs, while it turned gray with A. apk as with Bacml sU 

Tf better differentiation was secured if i^se was 

made of conspicuous inclination of these potato cultures to give rise 
o other types of i^owtt. The cultures developed from A Z!Zc Z 
md A. Beijerinckn were found inclined to resume tte character of R 
pmilus, or transferred to beef gelatine they even went back to the verv 

doselv retted to ^ f-T'" “onsporulating nonliquefying rod 
nte diffin lt to f /“''ttriii. Still more convincing, Ilthoutt 

n n™ ,t 1? the reestablishment of tte typtoal 

totS^ altemated'S 

Jthe most satisfactory 

t« become st^letlntr” of theMegaterium type are much inclined 
’bwvcd, autt isetolv u characters was often 

‘(Wtolatiiig rot not toft ^at stock cultures of the smaller 

beconfe similar to their ability to produce endospores 

■“fe aitrogen-totoct I Tto" A ‘‘t ^he anae- 

veii more frequenf antth *^®.f\®>''°bacter group these changes are 
‘wobic nonstxiriilatto^ ®bihty of these organisms to produce 

wobic nitrotn-fixinvttut contact with tte 

■'btioasshouM LZnoHv /he Azotobacter group. All these 
properly considered and more thoroughly studied. 

DISCUSSION OF RESULTS 

?owthand different types of vegetative 

f ®uch more Stl cb "^“t^bacter permit a much more cLplete 

thus far to any otter^w^'^^^Tu^™ organism than has been 
ny otter genus of bactena. In fact, all form genera of 
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bacteria, as created by Ferdinand Cohn and his successors, have become 
invalid because, in accordance with earlier observations discussed in 
Part I (25), our experiments have shown that Azotobacter, like certain 
other natural groups of bacteria, is able to grow in all forms which wer? 
accepted as a basis for establishing the so-called genera Micrococcus 
Bacterium, Pseudomonas, Bacillus, and Mycobacterium. Contrary to a 
very widespread, although quite illogical, assumption the pleomorphism 
of Azotobacter, as of all other bacteria, does not obscure but clarifies and 
strengthens the character of the genus as well as of its species, \\rhiie a 
study of the large nonsporulating cells alone made it probable that 
Azotobacter Beijerinckii J. G. Lipman might be a variety of A. ckroocoanm 
Beij., this conclusion has been made certain by the discovery that all 
other types of growth are identical in both cases. A . agile, on the other 
hand, exhibits in its large nonsporulating cell form certain features which 
might be accepted as proof that it should be classed as another variety 
of A. chroococciim, as was done, for example, by Prazmowski (40) ; yet its 
small nonsporulating rod form and its fungoid growth are so different 
that no doubt remains about its being a true species. That A . Vinelandii 
J. G. Lipman is identical mthA.agile Beij. could be said on account of the 
identity of their large nonsporulating cell forms (50), and all other 
developmental stages have now shown themselves equally identical, 
A . vitreum Ldhnis, in its large nonsporulating cell type apparently quite 
different from the other species, has displayed in all other directions so 
much similarity with A. agile that its being a variety of this species is 
practically certain, although this conclusion had to be drawn from the 
results obtained with the only strain available. 

Three other Azotobacter species have been described as Azobhackr 
Woodstownii J. G. Lipman (22), A. Hilgardi C. B. Lipman (rp), and 
A, Smyrna C. B. Lipman et Burgess {20) ; but they all should be canceled, 
The first one was never shown to be able to fix nitrogen, and its charac- 
terization is not distinct enough. The second one was only very 
incompletely described. According to information kindly furnished by 
its author it was “very similar” to A. Smyrnii. This like the other 
is no longer alive, but its illustrated description {20) leaves no doubt 
that it was identical with the sporulating large cell form of A . chroocomon 
It is true that the original description says motility and spores me 
lacking; but the characterization of what was accepted as vegetative 
cells makes it certain that only spores were seen and photographed. 
Every mark ascribed to A . Smyrnii tallies exactly with those of quick-} 
sporulating large cells of A. chroococcum (Bacillus petasites). 

The ability of Azotobacter to produce in certain stages of growth gena^ 
ine heat-resistant endospores was accepted by the senior author ; 
proof that it should be classed as Bacillus azotobacter among the sponi 
lating bacilli. But after our more recent studies have shown conclusivci 
that all old form genera, including that of Bacillus F. Cohn em ^ 
Hueppe, will have to be replaced gradually by natural genera, 
complete investigation of their life histories, it appeared . 

retain and to emend the genus Azotobacter Beij. by adding to ti 0^ 
nonsporulating type of growth the six other growth types desen 

the preceding pages. Ayotobacter 

Contrary to our observations upon endosporulation in 
cells it was asserted by D. H. Jones {16) , as well as by Classifi- 

Society of American Bacteriologists on Characterization 
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cation of Bacterial Types (45) that Azotobacter does not produce heat- 
resistant endospores. As an analogous assertion had been made hv 
this Comnuttee m a prehmn^ report, the senior author pointed out 
at the Annual Meeting of tte Society in 1917 that this opinio w “con 
to the facts recorded bv him ri 


at the vJvoicLy in 1917 mat this opinion waj 

traiy to the facts recorded by him in 1914 and iqi6 Tn. 

final report of the commiUee, however, still retains ?he statement S 
Azotobacter does not produce heat-resistant snores. Tones’ =...ee^ 7 l 


tinai rcpuit ^.wiuiiULLcc, However, still retains tJ 
Azotobacter d(^s not produce heat-resistant spores. Jones’ assertion 
is in conflict with our observations and, furthermore assertion 

. J- i. 1 li^e. An4-^ TT_ . . > . ’ 


u TV to be con- 

He reports (16, p. 328) that some of his 


IS m CUUlllt-l rvatJU VU3C. 

tradicted by his own data, 
stock cultures— 

produced colonies of encapsulated spore-forming rods both large and small. 

Because ttese sporulating rods did not grow like Azotobacter he con- 
cluded that they wffe contaminations. That this assumprion STy 
have been correct is of course possible, but it is equally possibk that the 
facts observed are further proof that endosporulating rods 
produced by Azotobacter. We tned to make it clear in our first o^aoS 
on this subject (ad that naturally the sporulating cells of Azo obacto 
differ m their ^owth as m their appearance more or less from the nom 
sponilatmg cells, but that the possibility to change them backloTe 
original nonsporulatmg form proves beyond doubt that they are Vhv 
a type of grow^ of Azotobacter and no “contamination.’’ To as?u 2 
to morphologically different cells should display the same phyLTo Val 
(cultural) character is, of course, quite illogical. This pcdnt was eS 
phastzed m the following statement in our preliminary paper is ZZ: 

sidctable ’dteratiVoflh^wMfphyriobgfcauSLte'r'^^ 

With absolute certainty from our observation^n R 

experiments with B. anthracis If on[v . azotobacter ^ well as from Henri ’s 

bacteriological laboratories, had not Len neSS 

imolution forms" or as “contaminatinni! st^tly discarded as iminteresting 
be much clearer and much more satisfactorV. situation would undoubtedly 

decbvfThaiXJcm to T 

conducted alonyrnTrotTcZ 0 w short-termed experiments 

proved by the fa^ record^^ ^^ctenological research is amply 

upon the Life Ti “ x*?" StudV 

“Poriments are not concluS^l based upon 

' p - iS'state- conjunction of bacterial cells, Jones 

»at,andTVthLek1lp?u“f‘°"®’’ attention to this 

not be explained ^ 

f'on- That also in’thlQ V of incomplete 

ihould long have found V® merely rediscovered a fact which 
*o»n beyLd doubt bv tlfe dT “ bacteriological text books was 

%ue Ctr!x“chXrr dhihV''™ agents of bubonic 

totobacter, Nitrosomonas ^ plecmorphous as 
2 o 622 -m '‘^^somonas, Bacterium radicicola, e- - ’ ' - ■ 


etc., and that their 



428 


Journal of Agricultural Research 


Vol. XXIII. No, J 


life histories follow the same fundamental lines can no longer be denied 
provided that the facts recorded in the literature are taken under ade' 
quate consideration. In morphological, as well as in physiological respects 
much interesting information is to be expected from such investigations 

As was frequently noticed in bacteriological tests of soils, wherein 
usually a normal powth of Azotobacter is to be observed, this organism 
may be temporarily replaced by other nitrogen-fixing bacteria, such as 
Bacterium laciis viscosum and other nonsporulating rods, various larcre 
sporulating bacilli, some micrococci, etc. The possibility that different 
developmental stages of the same organism may have to be made respon* 
sible for such changes sheds new light upon the very great ability of the 
bacteria to adapt themselves to widely varying environmental condi- 
tions. It is especially noteworthy that the life cycle of Azotobacter not 
only unites several of the best-known aerobic nitrogen- and nitrate- 
assimilating organisms, but also strong ammonia producers and forms 
which are known to be very able to make use of the various organic 
substances of the soil, first of all of the humates, namely, several myco- 
bacteria (4/, 4s). 

SUMMARY 

Tests made ^vith 30 strains of Azotobacter and with several cultures of 
related bacteria have shown that only two species of Azotobacter are 
completely characterized thus far; Azotobacter chroococcum and A. agile 
Beij. (syn. A. Vinelandii J. G. Lipman). A. Beijerinckii J. G. Lipman 
is a variety of A. chroococcum and A. vitreum Lohnis is probably a variety 
of A. agile. A. Smyrnii C .B. Lipman et Burgess can not be accepted as 
a species ; according to all marks ascribed to it by its authors it is the 
large sporulating growth type of A. chroococcum. A. Hilgardi C. B. 
Lipman and A . W oodslownii J. G. Lipman are both incompletely described 
and should not be retained. 

The genus Azotobacter is characterized by the morphological and 
physiological behavior of its seven different cell types. These are 
(i) large nonsporulating globular, oval, or rodlike cells of white, yellovsish, 
or brown color, with polar or peritrichous flagella, able to act as gonidangia 
and microcysts ; (2) coccoid cells of white, yellow, or pink pigmentation, 
the vegetative growth of the regenerative bodies, identical with Micro- 
coccus concenfricus Ziram., Micrococcus suljureus Zimm. emend. Lehm, et 
Neum., and witli Microcococcus roseus (Bumm) Lehm et Neum., respec- 
tively; (3) dwarfed cell type of yellow, white, or of red color, the vege- 
tative growth of the gonidia; (4) irregular, fungoid cells, producing a 
yellow, orange, or (in the case of A. chroococcum and A. Beijerinckii) ^ 
white or pink growth; the former two are closely related to die dwarfed 
growth and identical with Mycobacterium luteum Sdhngen and witn 
Mycobacterium lacticola Lehm. et Neum., respectively, while the latter is 
probably identical with Mycobacterium album Sdhngen; (5) small noa- 
sporulating rods of white or of yellow color, the former being 
with Bacterium laciis viscosum (Adametz) Lehm. et Neum. in 
of A. chroococcum and A. Beijerinckii, but with Bacterium 
(Flugge) Lehm. et Neum. in the case of A. agile and A. vitreum; (6) s _ 
sporulating rods, identical with Bacillus terminalis Mig., Bacillus / 
formis A, M. et Gottheil, and in the case of A. chroococcum and . 
jerinckii with Bacillus pumUus A. M. et Gottheil; (7) large 
cells, growing white, yellow, and brown, identical with 
Baker et Smith, Bacillus peiasites A. M. et Gottheil, Bacillus maiaoorc 
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hnis et Pillai and Bacilhis danicus Lohnis et Westerfflann; those 
^ wn showed some marks of Bacillus sUvaticus A. M. et 

vTpide which, however, is closely related to Bacillus luteiis. All cell 
tvoes’were transformed into each other. 

reproductive organs of Azotobacter are (i) gonidia, in part filter- 
produced in small numbers, one to four, in the small cells, and in 
1^ ’ quantities in the large ones, which act in this case as gonidangia; 
f2) regenerative bodies and exospores, either produced by the cells in 
lateral or in terminal position, or growing up from the symplasm; (3) 
arthrospores, formed by fragmentation of the rod-like or fungoid cells; 

/ \ juicrocysts, that is, small or large globular or oval resting cells; (5) 
Slospores, produced singly by the rod-like cells in terminal or in central 
oositioD, or to two or more in globular or spindle-shaped sporangia. 
Gonidia' form the basis for the development of regenerative bodies, 
arthrospores and endospores; the production of polar regenerative 
bodies always preceded the establishment of endosporulation, and endo- 
spores were found to be able to reproduce gonidia and regenerative bodies. 

The formation of the symplasm and the regeneration of new cells 
from this more or less amorphous substance of varying stainability 
proceeds with Azotobacter in the same manner as with all other bacteria. 
Amoeboid movement of symplasm was never observed, but strong inner 
movements were seen, and occasionally globular macrocysts were found 
which are analogous to the macroplasts discovered by Lankester. Be- 
sides normal cells, relatively solid agglomerations of more or less irregular 
shape were produced by the symplasm, so-called sclerotia, which later 
either transformed themselves to vegetative or reproductive cells or 
reentered the symplastic stage. Large “filidia," representing another 
type of more or less irregular and ephemeric upgrowth from the sym- 
plasm, were also observed. 

Conjunction was regularly seen in young cultures before the formation 
of gonidia, regenerative bodies, and of exospores and endospores took 
place. Part of the regenerative bodies are clearly zygospores. The 
cell union is either temporary, effected by connecting beaks, bridges, or 
by direct contact of two or more cells, or permanent due either to a 
sticking together of two uniform cells, which retain their identity, or to 
a coalescence of two cells of more or less different appearance. These 
various modes of conjunction, observed with Azotobacter as with other 
bacteria, resemble very closely those recorded with yeasts and with 
protozoa. 

fhe fact that the different developmental stages of Azotobacter could 
be in part identified with certain so-called species belonging to the 
form genera Micrococcus, Bacterium, Pseudomonas, Bacillus, and Myco- 
bact^erium demonstrates anew and conclusively that the whole system 
0 bacteria needs complete revision, which is to be based upon the 
results of thorough examination of the life histories of the bacteria. 

Some bacteriologists will be inclined to explain the phenomena re- 
ported m ^is paper by assuming accidental contaminations of the cul- 
However, careful consideration of the data reported 
, . most of the changes shown can not reasonably be ex- 

hypothesis of contaminations and that there are no 
^ont’^ where the reasons that might be imagined for the 

don contamination hypothesis deserve any more considera- 

iQ the n advanced for considering them to be normal changes 
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PLATE I 

Large non-spomlating cells. 


Fig. I. — Large cells made up of nuclear material and slime. Azotobacter chroococcun 
{No. 24). Mannite soil extract, 2 days. 

Fig. 2. — Large globular, oval, and rod-like cells, cells of medium size with nuclei, 
A. ckroococcum (No. 14). Mannitemitrate solution, 5 days. 

Fig. r— Nuclei of cells of medium size liberated making small cells. A. agile 
(No. 16). Mannite-nitrate agar, 6 weeks. 

Fig. 4. — Liberated nuclear material making regenerative bodies. A. ckroococcum 
(No. 22). Mannite-nitrate solution, 7 days. 

Fig. 5. — Large cells producing gonidia and regenerative bodies. A. ckroococcum 
(No. 12). Beef agar, 3 weeks. 

Fig. 6. — Regenerative bodies produced by large cells. A . ckroococcum (No. 18). 
Beef agar, 5 days. 

Fig. 7.— Large round and roddike cells. A. agile (No. i6c). Beef agar, 2 days. 

Fig. 8.” Typical mixture of large and medium-sized cells. A . ckroococcum (No. n), 
Mannite-nitrate agar, i week. ^ 

Fig. 9. — Typical mixture of medium-sized and small cells in old culture. A . ague 
(No. 16). Mannite-nitrate agar, ii months. 

Fig. 10. — Upgrowth from small to large cells. A. sp. (No, 26). Mannite-nitrate 


solution, 5 days. 

Fig. II,— Liberation of gonidia from regular and irregular cells. A. ckroococcum 
(No. 22). Mannite-nitrate solution, 5 weeks. . , 

Fig. 12. — Spirochaetoid forms, branched and budding cells. A. Beijennckii l^o 
13). Beef agar, iK month. 
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PI.ATH 2 

Coccoid cells. 


Fiff. 13.— Gonidia budding. Azotohacier chroococcum (No. 24). Mann ite -nitrate 
solution, I day. ^ 

Fig. 14— Gonidia growing to regenerative bodies. A , chroococcum (No. 18). Potato 
agar, i week. 

Fig. 15— Small regenerative bodies growing from large pale cells. A. chroococcum 
''^b.^o). Mannite-nitrate agar, 6 days. 

Fig. 16.— Regenerative bodies multiplying by budding and fission. A. chroococcum 
^No. 25). Mannite-nitrate solution, 2 days. 

Fig. 17.— Typical coccoid growth. A. Beijerinckii (No. 6). Potato agar, 3 weeks. 

Fig. i8.“Coccoid cells of small size. A . chroococcum (No. 10), Mannite-nitrate 
agar, 4 weeks. 

Fig. ig.— Upgrowth from small to large coccoid cells. A. chroococcum (No. ig), 
Beef agar, lo days. 

Fig. 20.— Regeneration of large cells. A. agile (No. 7). Milk, 4 wrecks. 

Fig. 3i.~Coccoids and sclerotia from symplasm. Bacillus Freudenreichii (No. 62). 
Beef agar, i week. 

Fig. 22,— Coccoids reproducing small rods. A. Beijerinckii (No, 15). Potato agar, 
5 weeks. 


Fig, 23 .—Coccoids reproducing small sporulating rods. A. chroococcum (No. 19). 
Maniiite-nitrate solution, 5 days. 

Fig, 24.— Caccoids reproducing cells of different size and shape. A. chroococcum 
'No. 25). Potato, 4 days. 



pIvAte: 3 
Dwarfed growth. 

Fig. 25. — Typical gonidial growth. AzotohacUr Beijerinchei (No. 6). Beef agar, 3 
weeks. 

Fig. 26.— Typical gonidial growth. A, chroococcum (No. 17). Marmite-nitrate 
agar, 5 days. 

Fig. 27.— Dwarfed cells producing regenerative bodies. A. chroococcum (No. i). 
Mannite-nitrate agar, 2 weeks. 

Fig. 28.— Gonidia and slime, beginning formation of fungoid cells. A. vitreun 
(No. 9). Mannite-nitrate agar, 5 days. 

Fig. 29. — Formation of fungoid cells from gonidia. A. vitreum (No. 9). Mannite- 
nitrate agar, 7 days. 

Fig. 30.— Dwarfed cells assuming fungoid growth. A . chroococcum (No. 17). Beef 
agar, acid, 16 days. 

Fig. 3i.--Gonidia growing to small non-sporulating rods. A. chroococcum (No. i;. 
Potato agar, 7 weeks. 

Fig. 32.— Gonidia growing to small and large rods. A . chroococcum (No, i). Beef 
agar, ii days. 

p'ig 23.^ymplasm reproducing dwarfed growth and large slime threads (filidia), 
A. chroococcum (No. i). Potato agar, 3 weeks. 

Pig 24. — Dwarfed growUi and rods of different size from symplasm. A . chroococcum 
(No. 1). Mannite-nitrate agar, 6 days. 

Fig, 35. — Upgrowth of large rods and globules from dwarfed growth. A . c hroococcutn 
(No. i). Beef agar, II days. . („ 

Fig. 36. — Development of dwarfed cells, large globules, and branched filidia Irom 
symplasm. A, chroococcum (No. i). Potato agar, 3 weeks. 
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PLATE 4 
Fungoid cell type. 

Typical fungoid growth- A, Beijerinckii (No. 15). Mannite^nitrate agar, 

^ Pig. jg. — Large fungoid growth. A. Beijerinckii (No. 15). Mannite-nitrate agar, 
^ da^'S. 

Fi'f. 39.— Lsrge fungoid gro^vth, well stained. . 4 , chroococcum (No. 14). Potato, 1 
week. . . 

%. 40.— Slime threads liberating gonidia, A. chroococcum (No. 17). Mannite- 
nitrate agar, 5 days. 

Fig, 41.— Slime threads producing gonidia and small rods. Bacterium lactis viscosum 
(No. 90). Mannite-nitrate agar, 2 days. 

Fig. 42.— From fungoid to coccoid and rod forms. Bacterium lactis viscocum (No. 90). 
Potato, 4 weeks. 

Pig, 43.— From fungoid growth to small spore-free rods. A. Beijerinckii (No. 15). 
lieef broth, 3 weeks. 

Fig. 44.— From fungoid to coccoid and sporulating growth. A. Beijerinckii (No. 15). 
Potato agar, 12 days. 

Fig, 45.— From fungoid growth to spore-free and sporulating rod forms. A. Beije- 
finckii (No. 1 5) , B eef broth , 4 wee ks . 

Fig, 46.— From fungoid growth to sporulating rods. Bacillus pumilus (No. 61). 
beef broth, heated to 75° C., i w'eek. 

Fig, 47. — Fungoid, rod -like, and large globular cells from symplasm. A . Beijerinckii 
(No. ij). Mannite-nitrate solution, 2 weeks. 

Fig. 48.— Coccoid, fungoid, and large globular cells from symplasm. Bacterium lactis 
''■msutn (No. 89b). Beef agar, i week. 



PLATE 5 

Small non-sporulating rods. 

Fig. 4g.“-CoccobaciIli derived from large cells. Azotobacier Beijerindii (Ko.jj). 
Mannite-nitrate agar, 7 days. 

Fig. 50.— -Typical coccobadlli. A. Beijerinckii (Ho. 15). Beef agar, 7 days. 
pjg_ ^ j _ — Small rods with gonidia and regenerative bodies. A . chroococcum (No. 25). 
Potato, 3 weeks. 

Fig. 52. — Tendency to make longer sporulating rods. A. Beijerinckii (No, 15). 
Potato, 6 days. 

Fig. 53. — From small rods to fungoid and sporulating cells. A . Beijerinckii (No. 13), 
Beef broth, 4 wrecks. _ . 

pjg^ — Tendency to return to sponilation. Bacillus pumilus (No. 60), Ecc( 

gelatine, 7 days. ?• 

pig_ — From small rods to fungoid and globular growth. A. viireuni (No. g'. 
Salt agar, 3 days. ^ ^ 

Fig. 56.— Small rods and large globules growing from symplasm. A. agile (No. yc). 
Beef agar, 3 weeks. , . 

pig_ 57.— Small rods producing Azotobacter-like gonidangia. Bacterium lacks lu- 
cosiim (No. 89b). Mannite-nitrate agar, i week. 

Fig. 58.— ^mall rods assuming fungoid growth. Bacillus pumilus (No, 61). Miit, 
2 weeks. 

Fig. 59.— Small and large rods growing from symplasm. A. agik (No. 7c). Potato 

agar, i week. . , t % 

pig^ 6Q__Sniall and large rod-like and round cells grownng from symplasm. A. agm 
(No. i6b). Beef agar, i week. 
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PLATE 6 


6..-Typical spoliating rods. A.olokact.r Be:jerinckn (No. 5). Beef agar, r 
^ ^^g^-VVeakened sporulating rods, A. (No, ;). Mannite-nitrate sointion, 

§:«t-&'prdu‘chggoSdia'‘- f 

Beijeti, tckii (tio. 6). Beef broth i week “id endospores. A. 

.4. ai/erfnrfe'. (No. 5). 
regerrerative bodies, .d. Beijsnndn (No, 6). 
nltaaeMiution.^^weS.^”'^ zygospore formation. A. Beijerinckii (No, 6). Mannite- 

■<■ (No. 6). 

1 regenerative bodies, .4. Bcijennckii (No. 6). Beef agar, 

aitraleagar, PaTo ,*3 wcete®'' sporulating rods. ,4, Beijerirwhii (No. 6). Jlannite- 
aifraiV.M'sMTCeb.'^^'' Beijen,ickii (No. 6). Mannite^ 



PLATE 7 


Large sporulating cells. 


Pig 73,— Typical large sporulating cells. Azotobacfer Beijerinckii (No. 3). Pobto, 

* Fig. 74.— Microcysts and vegetative rods.— A. zhroococctcm, (No. 25). Beef a^ar 

1 wcclci 

Pig 7^.— Branched rods and threads. A. Beijerinckii z). Beef agar, 12 day? 
Fig. 76.— Tlireads with different segments. A. Beijerinckii (No. 4). Beef 

2 weeks. 

Pig ^Tflireads with gonidia and regenerative bodies. (No, ; . 

Beef agar, 5 days. 

pi(T_ 78 -l-Thread segmenting to globalar cells. A. chroococcum (No, 18). Mannue 
soil extract, 3 w^ceks. 

Pig 79.-_Globular sporangia producing i to 3 spores. Bacillus ianicus 
Mannite-nitrate agar, 2 weeks. 

Fig. 80.— Globular cells dividing to 2 curved rods. A . chroococcum (No, 201, Potaio 

Fig. 81. — Branched sporangia. A, chrococcum (No. 25). Mannite-nitrate 

^ Sporulation replaced by gonidangia formation. A. chroococcum (No. 20 

Potato 1 WGCic 

Pig gj — Beginning endosponilation of large rods. A. agile (No. i6c), Bcefag^.r 


^ Pig. 84.— Regeneration of large globular cells from symplasm. A. chrooioav'^ 
(No. 25). Potato, I week. 
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PI.ATE 8 

Gonidangia; conjunction. 


Fig, 85.— Typical globular gonidangia. 
agar, 3 weeks. 

Fig. 86.— Dissolution of gonidangia, 

week. 


Asohbacfer chroococcum (No. 22). Beef 
A . chroococcum (No. 22). Beef agar, i 


goaidangia, ,4. Bdprimkii (No, 4 ). 


Mannite-nitrate 


Fig. 88.— Dissolution of gonidangia. A cftroorocrum 
rnanuite-nitrate agar, 4 days. cnroococcum {^o. 12). One percent salt- 

Fig. S^.-Globular threadlike gonidangia: also coniunctinn 4 .u 
(No, ro). Mannitc-nitrate agar, 4 days ^ junction. A . chroocaccum 

j|,o.-Regeneration of cells in gonidanginm. .4. (No, .5). Potato, 


gonidangia; also microcysts, .4, a?ife(No, iSc). 

at?; werk’^''“‘^''‘'' A- agile {No. 16), Potato 
Jlg, 3 .-Microcysts germinating. 4 . agile (No. ,6). Mannitc-nitrate agar, a 

A.ag.U (No, j). Potato 

?:;': 4 r:s 1 rurr,f P)- 4 days. 



PLATE 9 

Symplasra, 


Fig. 97.— Formation of s/mplasm by regenerative bodies. A . chroococcum (No. 23 . 

Potato, 9 days. /xt ^ 

pjg 98.— Regetieradve units starting to grow. A. chroococcum (No. 19). Beef 

gelatine, 4 weeks. 

Fig. 99. — Regenerative bodies growing from symplasm. A . chroococcummo. ly . 

Beef agar, 4 weeks, ' * d , - 

Fig. 100.— Various cell forms growing from symplasm. A. Beijennckn [Ko. ry. 
Mannite soil extract, 2 months. 

Pig loi.— Branching small cells growing from symplasm. A, chroococcum {]so. n. 
Mannite-nitrate solution, 5 days. , _ 

Fig. 102.— Sporulating small rods growing from symplasm. A , Beijerinckn (No. 15 , 
Mannite-nitrate solution, 17 days, . . 

Pig 103.— Beginning formation of rods. A, viireum (No. 9), Mannite-aitrate 

solution, 10 days. it r v n 1 

Ficr. 104.— Radial growth of rods from symplasm. Bacillus fusiformis bottbe:] 

(No. 149). Beef agar, 2 weeks. 4 „ •• • l - v 

Pig IQ. —Tangential growth of rods from symplasm. A. Beijennckin},o. b:. 
Mannite-nitrate solution, 2 weeks. , 1 i 

Fig. io6.—Formation of new cells by agglomeration of regenerative unite. /I. moo- 
coccum (No. 22). Mannite soil extract, 4 days. . „ . , . /xt \ 

Fig. 107. —Formation of filidia by agglomeration. A. Betjerinchi (No, 15). .Maan.te 
soil extract, 8 months. 

Fig. 108.— Formation of sclerotia. A chroococcum (No. ig). Potato, 4 wet - 







'in'Flu&nce of fertilizers containing borax 

ON THE GROWTH AND FRUITING OF COTTON' 

Q • T I Skinner, Biochemist, Soil-FerHUty Investigations, Bureau of Plant Industry, 
aid P- Ai-LISON, Soil Biochemist, Fixed Nitrogen Research Laboratory, United 
Slates Department of Agriculture 

The injury to cotton and other crops during the season of 1919 by 
fertilizers containing borax led to considerable experimentation, and a 
number of reports have been made recording the results of these studies 
on tlie effect of borax and fertilizers containing borax on crops, especially 
on com, cotton, and potatoes. The extent of the injury to cotton and 
potatoes in 1919 is described by Schreiner, Brovvn, Skinner, and Shapo- 
valov (Sf in a report published in 1920, Other reports on the injury to 
cotton have been made by Blackwell and Ceilings (7) and Plummer and 
Wolf {7). Conner (4, 5) first investigated the effect of borax on plant 
ffrouth; his work was with com, although later he also studied its effects 
oil several other plants. Morse has reported upon the effects of borax in 
ierlilizer in Maine (6). 

In order to study the matter fully, a series of field experiments planned 
bv the Office of Soil-Fertility Investigations of the Bureau of Plant 
Industry, United States Department of Agriculture, was conducted in 
1920 on several types of soil and on several crops. Arrangements were 
made to conduct these experiments at Presque Isle, Me., cooperatively 
with the IMaine Agricultural Experiment Station; at New Brunswick, 
X. J., cooperatively with the New Jersey Agricultural Experiment Sta- 
tion; at Muscle Shoals, Ala., cooperatively with the Fixed Nitrogen 
Research Laboratory, then of the War Department; and at the Arling- 
lon Experimental Farm, Va. 

Potatoes were grown in Maine, potatoes and com in New Jersey, cotton 
and corn in Alabama, and potatoes, com, Lima beans, snap beans, and 
cotton at the Arlington Experimental Farm. The results obtained with 
potatoes and com in New Jersey by Blair and Brown (2) have been given 
ID a previous publication and a report of the work conducted by Brown ($) 
''kh potatoes in Maine has recently appeared. 

lathe present article the results obtained with cotton at Arlington 
bjCpcrirnental Farm, Va., and at Muscle Shoals, Ala., are presented, 
the plan of the experiment involved the use of a fertilizer analyzing 
4 per cent NH^, 8 per cent PjO^, and 4 per cent K^O, which was applied 
0 cotton at the rate of i ,000 pounds per acre. This fertilizer was made 
tWji acid phosphate, muriate of potash, sodium nitrate, ammonium 
^^phate, and cottonseed meal. The fertilizer free from borax served 
^ <!ontrol. Borax was mixed with this fertilizer in such propor- 
^ IS as to make the applications of anhydrous borax 5, lo, and 20 
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pounds per acre. In order to determine the effect of the rainfall and 
weather conditions on the action of the borax, the experiment was 
repeated at both places several times. The first application and plant- 
ing were made early in June, and again at intervals of about a week. 
Six of these tests were made at Arlington and six at Muscle Shoals. It 
was realized that cotton planted at as late a date as this would not fully 
mature in either locality, but it was considered desirable to have some 
information concerning the action of borax on this crop, although the 
season was already advanced. The injury by borax has been shown to 
be principally to the young plant and in the early period of its growth. 
The experiments were therefore undertaken, and the effects on germina- 
tion, on growth, and on boll formation were noted and recorded. 

RESULTS OBTAINED AT ARLINGTON, VA. 


The experiments conducted on the Arlington Experimental Farm were 
on a rich, silty loam soil, admirably suited for truck and general farm 
crops. The land is level and uniform and is tile drained. 

The plan of the experiments involved the application of the fertilizers 
in the seed drill and by broadcasting; also the planting of the seed im- 
mediately after applying the fertilizers as well as after an interval of a 
week. A single row 132 feet long was used for each treatment. To 
one-third of the row, 44 feet, the fertilizer was applied in the drill and 
the seed was planted one week later. This is shown in section i of 
Table I. In section 2, which is the second 44-foot length, the fertilizers 
were applied in the drill as in section i, and the seed was planted im- 
mediately. On the third section of the row the fertilizers were sown 
broadcast and the seed was planted immediately. Where the fertilizer 
was put in the drill it was mixed with the soil by raking with a hoc and 
was covered with an inch or two of dirt before the seeds were planted. 
In the broadcasted section the area was raked to mix the fertilizers 
Each treatment, or plot, covered an area of 1/270 acre, Tl^ cotton 
was thinned to 45 hills per plot and two plants in each hill. Fertilizer 
analyzing 4 per cent NHg, 8 per cent PjO,, and 4 per cent K^O, as us 
and applied at the rate of i,ooo pounds per acre. In one row the e - 
tilizer without borax was used as a control; m the second row the 
tilizer containing borax in sufficient quantity to apply 5 P<>^s 
anhydrous borax per acre was used; and in tbe third row 
contained sufficient borax to add 10 pounds per acre. ^ 

tests 20 pounds of borax per acre were used. In order to ^ 

influence of weather conditions on the effect of ^ 

experiments were repeated six times; the first senes (A) ^-v . ^ 

Tune 2. the second (B) on June 9. the third (C) on 
(D) on July 7, the fifth (E) on July 15. and the sixth (F) 

Notes were taken during the summer, and the plants m eac 
measured for height when several weeks old. This was ^ tlie 
uring a large number of plants and taking the average. ^ 

number of bolls and squares that formed was made, ine P 
cut on October i and the green weights were taken an 
complete data are given in Table I. 
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An examination of the data given in Table I shows generally that 
growth of the cotton was checked and the fruiting decreased bv tb^ 
borax. The degree of injury, however, varies with the different plajjf 
ings and with the different methods of applying the fertilizers.^ 7]^ 
germination was rather irregular where 20 pounds of borax were 
and when the cotton was young some died in spots. Ten pounds had a 
decided effect on the color of the foliage in each experiment. 
borax was used the foliage was much lighter green. 

EFFECT UNDER DIFFERENT METHODS OF APPEYING FERTILIZERS 

In section 3, where the fertilizers were sown broadcast and 5 poutj(j5 
of borax applied per acre, no injury was observed in series A, B, andC 
and only a slight reduction in growth in series D, E, and F. 
was only a slight reduction in the fruiting of the plants. With 10 
pounds of borax there was a decided decrease in growth and in tbe 
number of bolls formed. The degree of harmfulness produced by borax 
in the different plantings is noticeable. It is probably due to weather 
conditions to be considered later. Where 20 pounds of borax were used 
there was a decided harmful effect. In series C, D, E, and F there was a 
reduction in growth of 22, 35.2, 14.3, and 23.3 per cent, respectivelv, 
and a reduction in boll formation of 10.2, 36, and ii per cent in series C, 
D, and E, respectively. In section 2, where the fertilizers were applied 
in the drill and the seed was planted immediately afterwards, the harm- 
fulness of borax when 10 or 20 pounds per acre were used was marked. 
The growth was checked more in section 2 than where the fertilizers were 
sown broadcast. Five pounds per acre reduced growth considerably in 
series E and F. In section i , where the planting was not made uati] 
one week after the fertilizers w^ere applied and where in each case a rain 
intervened, the harmfulness of the borax is considerably less than in 
sections 2 and"3, except in series D and E. To judge from the dataasa 
whole, it can hardly be concluded that 10 pounds were harmful when 
ap]died as in this section of the experiments. 

A record of the height of the plants made when the crop was young 
shows that the growth was checked in the very beginning by the borax. 
In plate i , A, is showm the effect of borax on the young plants in series A 
In the foreground the seed was planted in the drill immediately after 
applying the fertilizer, and in the back half of the row the fertilizers were 
soxvn broadcast. The broken stand is readily discernible in the row 
receiving lo pounds of borax. The cotton had not been thinned to a 
stand when the photograph was made. The young plants died in Jjpob 
soon after emerging to the surface. In plate i, B, the surviving plans 
are shown after having made considerable growth. It is seen here a 
the lo-pound borax row is much smaller than the control and the y 
pound borox row. In plate 2, A, is shown the cotton in series D. ^ 
the broken stand in the last row, which has 20 pounds of borax, is 


INFLUENCE OF RAINFALL 

In order to study the inQuence of rainfall on the effect of 
the crop, the weekly record of the rainfall together with the . 
and minimum temperature at the Arlington Experimental ar 
the period of the experiments is given in Table II. 
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Table: 


^^f^mperaiuTe and rainfall at Arlington Farm, Va., June to September, iq20 


Week of- 


Mav 30 

June 6 to 12 . 
June 1310 IQ' 
oto 26 . 


June 


ilulv 4^010. 
il'y II to 17 • 
ily 18 to 24 . 
ily 25^03^- 


' 

Rain- 

fall. 

Temperature. 

Week of- 

i Rain- 
fall. 

! 

Temperature. 

Maxi- 

mtuii. 

Mini- 

mum. 

Maxi- 

mum 

Mini- 

mum. 


Inches. 


"F. : 


‘ Inches, 

“F. 

“F. 

me 5 . ■ ■ 

I. 19 

90 

47 

Aug. I to 7 

. 0.71 

87 

53 


I. 08 

95 

51 : 

Aug. 8 to 14 

: I- 13 

92 

66 

J 

•36 

93 

57 ; 

Aug. 15 to 21 

2-57 i 

91 

66 



I. 68 

84 

56 

Aug. 22 to 28 

■: -29 : 

85 

62 

ily 3 ■ • ■ 

j ...... . 

i.g6 

■ 94 ■ 

57 ; 

Aug. 29 to Sept. 4 . 

.11 

; 90 

48 

, 62 

89 

.5.5 i 

Sept. 5 to II 

. i 2, 01 

84 

52 


.41 

91 

63 ! 

vSept. 12 to 18 

. .01 

87 

45 

[ 

1. 19 

95 

59 

Sept. 19 to 25 

■1 '03 

90 

44 



.80 

92 

53 ' 

Sept. 26 to Oct. 2 . . 

■I 1-43 

88 

55 


Comparing the rainfall record at or about the time the fertilizers were 
nnlied in the various experiments, it is seen that the moisture conditions 
ere about optimum when and after the plantings were made in series 

B, and C. The rainfall, however, was very light during the weeks 
f July 4 and July n and was again light the weeks of July 25 and Au- 
nk I- The effect of the borax in experiments D and E, wdiich w-ere 
laiited in tlie period of dry weather, is more severe than in the experi- 
ments which were planted when the moisture was normal. For example, 

1 secdon 20 pounds of borax per acre reduced the growth 9.7 per cent 
n series C, 47.5 per cent in series D, and 19.2 per cent in series E. In 
ection 2, the growdh was reduced in series C 29 per cent; in D 35.5 per 
ent, and in K 36 per cent. In section 3, the growth was reduced 22 
)er cent in series C, 35.2 per cent in D, and 14.3 per cent in E. The 
ormadon of bolls was also reduced more in series D and E than in C. 

V few days after the plantings were made in the latter experiments a 
ight rain fell, which was follow'ed by a dry period. WTiile the plants 
vere young in the earlier experiments there were occasional heavy rains, 
ind at no time did the soil become very dry. It is not probable that 
i rainfall of 1.08 to 1.68 inches in one week distributed over a period 
)f several days would wash very much borax out of the reach of the 
oofs of the cotton. However, it would result in the diffusion of the 
Dorax through the soil, and this diffusion could undoubtedly account 
or the lesser degree of injury in series A, B, and C. Under the rainfall 
mlitioiis of series D and E the borax was concentrated in locations 
surrounding time roots of the young plants and would naturally cause 
i more severe injury and a greater retardation of growth. 

Ihe data as a whole show that the effect of borax on cotton under 
.he v;eather conditions prevailing at the time of this test is decidedly 
larmful when 20 pounds per acre are applied in the drill or sown broad- 
-ast. This quantity shov;ed harmful effects whether the seed was planted 
mmediately^ after the fertilizers were applied or after the intervening 
^1 a light rain. When applied in the drill, 10 pounds per acre checked 
sjouth decidedly, but were only slightly harmful when sown broadcast. 
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results obtained at muscle shoals, ala. 

PLANTINGS ON CLARKVILLE LOAM 

The experiments at Muscle Shoals were made on soil of Clarhili 
loam, located on a gentle slope, and well drained. The soil is fa] 
retentive of moisture and does not become compact. The plan of IJ 
experiments differed somewhat from that at the Arlington Experiment l 
Farm in that the fertilizer was applied only in the drill and the seed wa 
planted immediately as in section 2 of the Arlington tests. The 4-3^^ 
fertilizer was used at the same rate of application (1,000 pounds), and 
borax was used so as to apply 5, 10, and 20 pounds of anhydrous borax 
per acre. Two controls in which no fertilizer was used were added 
One row 100 feet long was used for each treatment, which makes each 
plot approximately i/iioacre. The test was repeated six times. The 
first was started June 12 and the others followed at intervals of about 
one week. The separate plantings are designated as series A, B, C D 
E, and F. Cleveland Big Boll cotton was used. 

In Table III are given the data for this set of plots, including the 
height of the cotton plants at intervals during growth, the number of 
bolls which formed, and the green and dry weights of the plants, including 
the roots. 

TabuB hi . — Effect of borax in fertilizers on the growth of cotton, on Clarkville hamil 
Muscle Shoals, Ah., in IQ 20 


Experiment series, date of 
starting, and quantity cf 
borax applied per acre. 

Average height of plants. j 

Bolls on 
Oct. 26. 

Green ! 
weight of i 
plants, i 

July 28. 

Aug. 20. [ 

Oct. 18. 

Series A, June 12: 

Inches. 

Inches, \ 

In ches. 

Kumber. 

Pounds. ! 

No fertilizer 


12. 2 

23.8 

237 

3 ^ i 

No borax 

12. 0 

- ^ 1 

25-3 1 

45-5 

667 

93 

5 pounds 

9.6 

21. 8 j 

44.4 

583 

86 

10 pounds 

7- 1 

17-3 ' 

42. 1 

456 

S5 ' 

20 pounds 

4.9 

13.2 

32.6 

242 

44 i 

Series B, June ig: 






No borax 

12. 0 

28.6 

50.0 

716 

104 

5 pouiidg . 

10.5 

25-7 

43-3 

563 

84 

10 pounds 

8.0 

24.1 

43-0 

576 

78 

20 pounds 

6.9 

15.0 

39-1 

383 

63 

Series C, June 26; 








18. 1 

45 - 2 

337 

86 

5 pounds 

6-3 

15 - 1 

40. 5 

220 

78 

10 pounds 

6.9 

12. 9 

39-9 

224 

75 

20 pounds 

5-0 

9.6 

31 - 5 

97 

43 

Series D, July 3 : 


' 




No borax 

6. 2 

16. 1 

I 42 - 2 

112 

63 

5 pounds 

5-2 

! 15-1 

41. 6 

94 

62 

10 pounds 

4. 1 

1 12. 0 

32.9 

92 

59 

20 pounds 

3 - 2 

1 7-2 

29 - 3 

53 

39 

Series E, July ii: 






No borax 


! 12. 3 

36.8 

45 

55 

5 pounds 


! II- 5 

33. 7 

48 

56K 

10 pounds 


! 9-9 

31-3 

46 


20 pounds 


8.4 

26. I 

14 

38 

Series F, July 20: 






No fertilizer 


1 I 

9 ‘ 5 

0 

sK 

No borax 


10. 0 

28. 2 

5 


5 pounds 


8.9 

29. 1 

7 

47 

10 pounds 


! 8.7 

25-7 

4 

41 

20 pounds 


] 7-6 

22. 4 

I 

35 


-19 . 2 
-25.0 ' 
-39-4 1 


- 9- 3 : 

— 12. 8 
-50.0 . 


Dry 

wdijhtol 

plact;. 


36 

33K 

3^ 


1.6 ^ 
6.4 : 


- 8,2 . 

-31-® : 


•f I.o I 
-ir.9 : 
- 24,8 I 


40 

34?^ 

31b 

25 

34 

26 
15 

25b 

24 

33 

13 
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Table IV records the weekly rainfall and temperatures at Florence, 
, 2 miles from United States Nitrate Plant No. 2, so that the relation 

f rinfall to the degree of hannfulness of borax in the different series of 
the Muscle Shoals experiments may be correlated. 


Tabl'S IV* — Temperature and rainfall at Florence, Ala., June to September, ig20 


Week of - 


Jutic 6 tn 12 

June 13 to 19 

June 20 to 26 

June 27 to July 3 . • • 
July 4 to 

July 11 to 17 

July 18 to 24 

July 25 to 31 



Temperature. 



Temperature. 

fall. 

Maxi- 

Mini' 

Week of — 

fall. 

Maxi- 

Mini- 


mum. 

mum. 



mum. 

mum. 

Inches. 

•F. 



1 nches. 

*F. 

* F. 

0 

97 

53 

August I to 7 

0 

94 

60 

■ 52 

98 

63 

August 8 to 14 

5. 10 

90 

66 

•58 

92 

56 

August IS to 21 

4. 46 

9 ^ 

64 

. 08 

93 

61 

1 August 22 to 28 i 

■ 59 

91 

56 

.76 

94 

62 

August 29 to Septem- 




.98 

" 93 

61 i 

ber 4 ' 

i -42 

96 

61 

I- 50 

98 ! 

63 1 

September 5 to ii . . .' 

2. 17 

93 

55 

. 06 

95 I 

57 : 

September 12 to 18 . . 

•32 

93 

55 




September 19 to 25. . 

•54 

92 

j 55 




September 26 to Oc- 







tober 2 

0 

92 

37 


From the results of series A it will be observed that 5 pounds of borax 
per acre produced some injury to cotton when applied in the row. 
Larger quantities showed even greater toxic effects. From the figures 
showing the average height of plants it will be seen that the injury was 
the greatest when the plants were small. A marked recovery followed, 
blit the initial retarding was not entirely overcome. The green weight 
of plants was decreased 7.6 per cent by 5 pounds of borax per acre and 
52.7 per cent by 20 pounds. The boll formation was decreased in about 
the same proportion or to an even greater extent, and in addition ma- 
turity was delayed. The cotton in series A was planted when the soil 
was too dry to germinate the seed. On June 18 a light shower fell, ap- 
proximately 0.34 of an inch, which was sufficient to cause germination, 
and for three weeks following but little rain fell. As seen in Table lY, 
0.52 of an inch of rain fell the week of June 13, 0.58 of an inch the week 
of June 20, and 0.08 of an inch the week of June 27. The season for the 
three weeks following the planting of the cotton in series A was rather 
dry. 


The cotton in series B was planted just subsequent to a light shower 
and germinated m minimum time. The rainfall during the early period 
of growth was rather light. In the first week after planting o. 58 of an 
inch of rain fell, the second week 0.08 of an inch, and the third week 
076 inch. The growth was about the same as in series A, except that 
m series B, 5 pounds of borax caused a relatively greater injury and 20 
pounds less injury than in series A. The same general tendency pre- 
vailed, however, and the same visible effects on the young plants were 
in evidence. The retarding effects of the borax continued throughout 
the growing season. 

At the time of planting series C the soil was very moist, but for more 
an a week after planting no rain fell and the soil became very dry. 1 n 
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the second week after planting 076 of an inch of rain fell, which tl 
oughly moistened the ground. The amount of injury produced 
different quantities of borax corresponded very closely to the result • ‘ 
series B. ^ 

The planting of series D was made when the soil was very dry a H 
the seed did not germinate immediately. A good rain occurred abcM 
one week later, and about 076 of an inch fell; the following week th ^ 
was 0.98 of an inch precipitation, and the third week 1.5 inches. 
the germination of the seed there was more rainfall, and the soil was con^ 
sequently more moist than when the cotton was young in the pint 
planted earlier. The injuries attributable to the borax were scarce! v as 
extensive in this series as on the plots planted earlier, but they were in 
the same order. In series D 5 pounds of borax reduced the green weight 
1.6 per cent, 10 pounds 6.4 per cent, and 20 pounds 38.1 per cent, \ 
series C the reduction was, respectively, 9.3, 12,8, and 50 per cent- in 
series B, 19.2, 25, and 39.4 per cent; and in A, 7.6, 9.4, and 327 per ccW 

In series E the cotton was planted when the soil Avas moist and in 
good tilth. Several days after planting 0.98 of an inch of rain fell, wliich 
was followed by a period of one week without rain. This period was fol- 
lowed by several days of rain, and, as seen in Table IV, during the ueek 
beginning July 18 1.5 inches of rain fell. The toxic effects were not as 
marked as on the plots planted earlier. There was a slight stimulation 
where 5 pounds of borax per acre were used, 10 pounds reduced the 
growth 2,7 per cent, and 20 pounds 31 per cent. 

Series F w^as planted very late, and growth continued only al>out two 
months. The data are given in the table, however, and it will be sci n 
that the effects of the borax were of about the same magnitude as in 
series E. 

In Plate 3 the effect of borax is shown on the cotton in series A , planted 
June 12. The view’s shown at A, B, and C w^ere photographed on July 
29, August 8, and September 18, respectively, the last date being shortly 
before the plants were cut and weighed. Plate 3, A, was photographed 
before the cotton was thinned ; the unbroken stand and uneven appear- 
ance of tlie row receiving 20 pounds of borax per acre is shown. 

In Plate 4, A and B, are shown Uic effects of borax in series D. View 
of Plate 4 was photographed on August 23 and B on September 18, In 
Plate 4C, the cotton in series F is shown. 

PIvANTlNGS ON COI^B^RT SII^T 1,0AM 

Other experiments Avith cotton were begun at Muscle Shoals, Ala., simi- 
lar to those at Arlington harm, Va., and to those in New Jersey with 
potatoes and com. These included immediate planting of seed after 
applying fertilizer, delayed planting, and broadcasting. The quantities 
of borax used varied from i to pounds per acre. Two rows 70 met 
long were used for each treatment on the Colbert silt loam, Avhich is a 
heavier soil than the Clarkville loam. The fertilizers were applietl on 
May 10. The rainfall for the montli prior to starting the experinienB, 
and for a like period afterwards, was exceedingly heavy. The soi 
became very compact from the excessive rains, resulting in a very poo*" 
stand over the entire area. The experiments were continued , Iiowca er, 
in order to observe the effects of the borax; but a harvest was not made, 
as the broken stand appeared to make it useless. 
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Borax caused the greatest injury to cotton in the early stages, either 
eventing germination or in lesser amounts merely retarding gro^vth and 
^^Lventing chlorophyll formation. A record of observations made three 
roeks after planting is given in Table V. 

T Bifi \\—Ef[ect of varying quantiiies of borax on the growth, of cotton on Colbert silt 
' loam at Muscle Shoals, Ala., in ig20 

[Observations were made three weeks after plauting,] 


QiimiUty.of j 

1 Sec. i.-ln theruw and seed 
' i planted lo days later. 

Fertilizers applied ou May lo. ■ 

Sec. 2.— In the row and seed ’ Bee, 3-— Broadcast and seed 
planted immediately. planted immediately. 



I pound i Normal 

Normal ' Normal. 

do Do 


do Do 




Normal Do. 


do Do. 


do Do. 



20 pounds, -j Slight retarding 

;o pounds. . .i Somewhat stunted. . . . 

50 pounds . .i Germination low; 

plants show yellow- 

\o borax 

Slight injury Slight retarding. 

Plants small; many Do. 

dying. 

Germination low; Somewhat stunted, 
plants dying. 

100 pounds. Germination about 50 
per cent; plants dy- 
ing- 

:oo pounds.. Only an occasional 
seed germinated; 
plants about dead. 

.too prjunds . . No germ i nation 

No borax 

Only an occasional Germination decreased 
seed germinated; and plants dying, 

plants, dying. 

Seven seeds gerrni- ; Germination decreased 
nated; plants about about 70 per cent; 

dead. ' most plants dead. 

No germination Twelve seeds germi- 

i nated and plants 
died. 




The quantity of borax required to produce a noticeable injury to cotton 
receiving fertilizer in the row was 20 pounds. To lower germination 
appreciably and cause the death of any very large percentage of the 
plants 50 pounds were necessary. Where the fertilizer was used in the 
row and planting was delayed for 10 days the injuries seemed to be 
decreased about 50 to 75 per cent. Distributing the fertilizer broadcast, 
as in section 3, decreased the effects as much or possibly slightl}'^ more 
than delaying planting. It is shown that any method of use which 
decreased the concentration of the borax around the plant roots markedly 
decreases the injuries. 

.^tnijig the 10 days preceding the planting, May i to 10, 2.06 inches 
ni' lo-day period folloMng the planting 3.34 inches 

^ second day after planting 1,6 inches precipitation 

sev^fu j which was followed by light showers for several days. On the 
11 r ^ planting there was a rainfall of 1.56 inches. The total 
rainfall for the month was 5.70 inches. 
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Even with this heavy rainfall there was unquestionable injurv f 
the borax with 30 pounds per acre. With 50 pounds per acre gem 
tion was low when the fertilizer was put in the drill and seed plam!i 
immediately, and many of the plants died after germinating, 
the fertilizer was sown broadcast the plants were stunted, 
pounds and over per acre there was practically no germination. 
section of the field where loo, 200, and 400 pounds of borax per a ^ 
were used is shown in Plate 2, B. 


SUMMARY 

Experiments were made to test the effect of borax in fertilizers on 
cotton at Arlington Farm, Va., and at Muscle Shoals, Ala. The soil at 
Arlington Farm is a productive silt loam suitable for truck and genf-ral 
farm crops. The soils on which the experiments were located at Muscle 
Shoals were the Clarkville loam and the Colbert silt loam. Borax was 
mixed with fertilizers and applied so as to add 5, lo, and 20 pounds of 
anhydrous borax per acre in two of the experiments. In a third test the 
quantities varied from i to 400 pounds per acre. 

At Arlington Farm and Muscle Shoals borax in small quantities was 
injurious to the yoimg plants. 

On the silt loam at Arlington Fann, when the feiTilizer was applied 
broadcast, 5 pounds of borax per acre were not always injurious, 10 
pounds were slightly injurious, and 20 pounds were distinctly so. Appli- 
cation of 20 pounds reduced the weight of the green plants in the various 
experiments from 15 to 35 per cent. When the fertilizer was applied 
in the drill and seed planted immediately, 5 pounds was slightly harmful, 
10 pounds was distinctly injurious, and 20 pounds caused severe injur}’, 
especially on germination and early growth. When the fertilizer was 
applied and allowed to stand until after a rain before the seed were planted, 
the effect was less severe. 

On the Clarksville loam at Muscle Shoals a somewhat similar result 
was obtained. In. one of the experiments, 5 pounds of borax applied 
in the drill with the fertilizer decreased the green weight of the plants 
5.7 per cent, 10 pounds decreased the weight 12 per cent, and 20 pounds 
decreased it 39 per cent. The injuries to early growth were much more 
marked than these figures would indicate. 

The influence of rainfall was noted. While the season was a nonnal 
one from June, the rainfall materially influenced the effect of the borax. 
Wherever a light rainfall occurred soon after planting and was followed 
by a dry period the effect was severest. If heavy showers followed 
periodically after planting the effect was less severe. 

In an experiment started in the early spring on the Colbert loam at 
Aluscle Shoals where the rainfall was very heavy for 10 days after plant- 
ing, germination was tuaterially affected where the fertilizers were 
appli^ broadcast by 100 pounds of borax per acre, and no genninatioQ 
took place with 200 pounds per acre. Where the fertilizers were put m 
the row, germination was materially affected by 50 pounds per acre an 
was prevented entirely by 100 pounds. 
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PLATE I 

Effect of borax on cotton in experiment A at the Arlington Experimental Farm. 

A. -o, no borax; 5, 5 pounds per acre; 10, 10 pounds per acre, Photographed july 
10, 3S days after planting. 

B, — Experiment A, five weeks later. Photographed August 17, 77 days aitor 
planting. 

(44;) 



Plate I 






PLATE 2 

Effect of borax on, growth and germination of cotton. 

A —Effect on cotton at the Arlington Experimental Farm in experiment C; o, no 
borax; 5, 5 pounds per acre; 10, 10 pounds per acre; 20, 20 pounds per acre. Photo- 
graphed 43 days after planting. 

B —Prevention of germination of cotton by 100, 200, and 400 pounds of borax per 
acre. The bare rows show w^hcrc these large quantities of borax w^ere used. 



PLATE 3 

Effect of borax on cotton in Section A in the Clarksville loam at Muscle Shoals, 
Ala. 0, no borax; 5, 5 pounds per acre; 10, 10 pounds per acre; 20, 20 pounds per 

acre. 

A. — Photographed July 29, 47 days after planting. 

B. — Photographed August 26, 74 days after planting. 

C. — Photographed September 18, 96 days after planting. 







PLATE 4 

Effect of borax on cotton on Clarksville loam in Sections D and F. o, no borax 
c pounds per acre; ic, lo pounds per acre; 20, 20 pounds per acre. 

’ \ — Cotton in Section D. Photographed August 23, 50 days after planting; 

B — Cotton in Section D. Photographed September 18, 75 days after planting. 
C.—Cotton in Section F. Photographed September 18, 58 days after planting. 




genetics of bunt resistance in wheat ‘ 

By H. F. Gaines 

Cerealisi in Farm Crops, Washington Agricultural Experiment Station, and Agent 
Ofice of Cereal Inveshgatwns, Bureau of Plant Industry, United States Department 

of Agriculture INTRODUCTION 

The losses due to bunt, Tilletia iritici (Bjerk.) Wiut., in the Pacific 
Northwest have been steadily increasing for the past 25 years, not- 
withstanding the most earnest efforts on the part of scientists and farmers 
to reduce them. The seed has practically always been treated with 
blue vitriol or formaldehyde, but in spite of every precaution the winter 
wheat often contains from 10 to 50 per cent of bunted heads at har- 
vest time, apparently due to soil infection from wind-borne spores. 
In the State of Washington alone the most conservative estimates place 
the losses at more than 1,000,000 bushels of wheat annually. The 
bunt problem has caused, and is causing, more interest and anxiety 
than any other of like nature through the winter wheat districts. Spring- 
sown wheat seldom produces a bunted crop if the seed has been care- 
fully disinfected, the spores in the soil having perished during the winter. 

The work has been closely linked with the other cereal and patholo- 
gical investigations at the Washington Agricultural Experiment Station, 
and many friends and coworkers have contributed to the material in 
hand. Acknowledgment is here made to the various members of the 
staffs of the Washington Station and the Office of Cereal Investigations, 
Bureau of Plant Industry, United States Department of Agriculture, 
for their ever-ready help and enthusiasm; to E. M. East for helpful 
suggestions and criticism of the manuscript, and also to H. B. Humphrey, 
H. M. Woolman, E- G. Schafer, and F. D. Heald for suggestions and 
corrections in the presentation of the subject matter. 

Wlien the writer became assistant cerealist of the Washington Agri- 
cultural Station in 1911, many inquiries were coming in from fanners 
concerning control measures for bunt in winter wheat. The limita- 
Uons of seed treatment were well known, and soil sterilization seemed 
impracticable under the extensive system of wheat raising on the great 
tarms of the whiter- wheat belt. The possibility of obtaining or develop- 
ing a strain tliat would resist the attacks of the fungus and at the same 
hme fulfill the requirements of winter hardiness, prolificacy, milling 
quality, etc., seemed the most promising solution of the problem, 
j ccordiugly hundreds of varieties from the principal wheat districts of 
e world have been introduced and many hybrids have been made in 
an attempt to find or develop such a wheat. Preliminary reports 
have already been published. 

f^hi^wing paper deals with that part of the investigation con- 
tau comparative resistance of different wheats and the inheri- 

r that cause resistance, as expressed in the hybrid 

segregates of succeeding generations. 


19J1, Submitted to the faculty of the Bussey Institution of Harvard 
’Refermce ismaa^ ‘JlhUment of the cMuirements for the degree of doctor of science, April 19, 1921. 
number (italic) to " Literature cited. ” p. 476-479. 
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resistance phenomena in general 
relationships and responses of host and parasite 

It has long been known that plants and animals vary greatly b their 
susceptibility to disease, and that the causal organisms are more or less 
restricted in their choice of host. This variation may be attributable to 
the inability of the causal organism to set up a pathogenic relationship 
witli the host or to its inability to function after having established such 
relationship. Failure to infect may be due to an incompatible optimum 
of temperature, moisture, light, or nutrient materials. These factors may 
also provide the physiological basis for failure to function after infection 
has taken place. In addition, the outer coat may offer a mechanical 
obstruction. Thus, the bark of trees, the seed coats of grain, and tie 
skins of animals offer a powerful protection against invading organisms 
which gain a ready access if injury occurs. However, a great majority of 
the pathogens that have been studied experimentally seem to have less 
difficulty in gaining entrance to closely related resistant forms than in 
continuing that existence after having gained entrance. Thus in Marryat’s 
experiments (32) infection by yellow or stiipe rust [Puccinia glumarum 
(Schm.) Erikss. and Henn.] occurred with equal readiness through the 
stomata of resistant and susceptible wheats. ^ The susceptible Michigan 
Bronze wheat seemed to nurture the infection tubes and hyphae, the 
cells accepted the haustoria without shrinking, and normal spores were 
soon produced. Hyphae never seemed to flourish in the resistant Ebliorn, 
but appeared stunted and watery and seldom produced haustoria, They 
soon died, but in dying they killed the host cells with which they came 
in contact— appearing to be mutually toxic. The American Club, inter- 
mediate in resistance, sometimes killed the fungus without reducing the 
vigor of the host cells, but in other places the hyphae were found flounsh- 
ing while the host cells seemed to be dying. When spores did develop 
there was not enough force to break the epidermis. Apparently resist- 
ance in this case was produced by antitoxins furnished by the host and 
toxins furnished by the parasite. Ward (60), also working on the 
histology of resistance, showed that size of stomata, hairs, or comp^ative 
leaf surface had no influence whatever on the susceptibility of ainereat 
bromes to brown rust, Puccinia dispersa Erikss. and Henn. 
treating a mass of data statistically he drew the following conclusions: 

Resistance-is not to be referred to observable anatomical or structural 
but to internal, i. e., intraprotoplasmic. properties beyond the reach 0 JT; 

and similar in their nature to those which bring about the essential diuere 
tween species and varieties themselves. 

This was in 1902. Since then a great mass of iniental work la 
plant pathology, bacteriology, and medicine has added weig 
conclusions. For example, Stakman (45), who has done muc ^ 
the phenomena of resistance in cereals and grasses to tne ^ j 
Puccinia graminis Pers., concludes from his histological study ol yp 
invasion (to quote his summary) ; ^ 

1 . When plants practically immune to Puccinia graminis are inoculated, e 
gains entrance in a perfectly normal manner. . . . ^ ceils. 

a. After entrance the fungus rapidly kills a limited number P t seems 

3. The fungus, after having killed the host celb m its immediate 

unable to develop further. , • almost wholly 

4. The relations between plant and parasite m partially resistant an 
immune plants are different in degree only. 
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HyperseDsitiveness of the host ^ems to be a common phenomenon not only 
among plants somewhat resistant to P. graminis but also among those almost totally 
immune to it. 

These conclusions point to the probability that resistant and sus- 
ceptible plants differ in the chemical composition of their cell walls or 
protoplasm or both. Valuable information might be gained along these 
lines by such investigations as the recent work of Rumbold (43) and 
Thiel and Weiss (35). Rumbold killed Chestnut trees by injectincr an 
extract of the cankerous tissue caused by the chestnut-blight fungus 
[Endoihia parasitica (Murr.) P. J. and H. W. Anderson] into the trunks of 
healthy trees. Extracts from healthy tissue produced no effect. 

Thiel and Weiss were able to germinate teliospores of Puccinia graminis 
iritici Erikss. and Henn. in midwinter by soaking them 15 minutes in i 
per cent citric acid, although untreated spores would not germinate at 
all until spring. Other acids, lipoid solvents, and sodium hydroxid were 
ineffective. From this it would seem that the acid had acted as a 
specific activator through the cell wall on the protoplasm. Susceptible 
hosts may contain similar activators which stimulate the metabolism 
of the parasite. 

The delicate chemotactic balance between host and parasite as an ex- 
planation of the dififering degrees of resistance finds support in the in- 
vestigations of Spinks {44) who found that nitrates, and especially lead 
and zinc nitrate, increased the susceptibility of wheat and barley to 
mildew and rust. Furthermore, potash and lithium salts decreased sus- 
ceptibility; but resistant varieties maintained their relative resistance 
under either condition. 

From this it is lo^cal to assume that species or races which vary in 
their resistance to disease-causing organisms when growing under iden- 
tical environmental conditions do so because of their physical and 
chemical individualism. If this be true, then the complex of causes 
responsible for resistance and immunity in plants is very similar to if 
not identical with, those producing resistance and immunity in animals 
The classic r^earches the last 25 years in the antitoxin laboratories 
&a?e shown that susceptibility to disease is caused by the physico- 
nemical reactions of poisons, toxins, ptomains, etc., produced by the 
tissues of the host. In acquired immunity 
n the power to develop counteracting chemicals which 

^ harmful substances produced by the pathogene. In 
sent counteracting chemicals are already pre- 

Reue (fr ilT optimum for the patho- 

L chemilT of the protoplasm of the host is such that 

is descb W illustration of the latter condition 

menthal r/i regarding tetanus from the work of Blii- 

tliespecialnf^nt ^ known, the central nervous system is 

tetanL ^ Blumenthal found that 

l>ut tJirhrPinT^ neulxaiized by the brain tissue of susceptible animals, 
^oneutraliW^'®^^^ of resistant animals like the chicken had little or 
conditions nnf immune to tetanus under normal 

low to allnm +1/^^ injected, the body temperature being too 

place, no between toxin and nervous tissue to take 

^arm water and however, the frog is placed in a tank of 

snccumbs to ill the normal temperature of the‘human body it 

e effects of the toxin. Clearly chickens and frogs are 
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resistant to tetanus for very different reasons. The first, because of the 
different chemical compositions of the brain; the second, because of 
physical incompatability to the parasite. 

Zinsser in discussing nonheritable natural immunity, says: 

The individual differences in resistance which unquestionably exist among mem. 
bers of the same species and races are very difficult to explain, but, ^ far as we can 
tell anything about them at all, they seem to depend upon vanation m what is 
popularly spoken of as “general condition." 

This indicates that the counteracting chemicals are present in greater 
or less amounts even in organisms that readily succumb to a given dis- 
ease Or stating it in another way, the particular tissue to be attacked 
can suffer injury and recover if the host is well nourished and in an 
optimum environment for its existence. This phase^ of natural imnni- 
nitv leads directly into the phenomenon of acquired immunity. 

Iniuries or wounds in plant and animal life not only stimulate repair 
but also growth and rejuvenescence. If the injury is sufficiently severe, 
or repeated often enough, the energy required to stimulate ffie affected 
part IS too great a tax and the organism dies. Any factor which reduces 
the energy of the organism, such as fatigue, malnutntion, unfavorable 
temperature, etc., should reduce its resistance to disease, and this is 

what actually happens. , a u ^ ; 

In naturally acquired immunity, the injury caused by the toxin ol 
the invading organism stimulates an overproduction of the material 
used up in neutralizing it, so that subsequently more and more o the 
toxin can be neutralized without fatal results. Similarly in induced 
immunity, the injection of increasing amounts of toxin can be borne 
owing to the preponderantly greater amounts of neutralizing substances 
elaborated In immunization work, one of the standard methods i to 
inject sublethal doses of fully virulent organisms in order to stimula c 
this great overproduction of these counteracting chemicals, winch are 
cast into the blood and neutralize the counteracting poison at once, Such 
l^^nVunized animals may or may not, depending upon the particular an- 
tigen or toxin, retain this immunity for life. 

Since the beginning of modern medical scemce it has been knem 
that people havfng once recovered from such diseases as plague, cholera, 
fever will not again during 

it; but lasting immunity is not conferred by one attack of 
as pneumonia, tetanus, or influenza. , X^istry 

make use of these phenomena a great branch of physiological chem y 

.« ti.. “ 

is that offered by Ehrlich (ro), in whiii he ^ Rem- 
and parasite as aggregations of complex through cef- 

selves complex. Complex molecules react with -ha,- ns have a certain 

tain of their side chains, but only when i^^ninnit, 

definite correspondence in structure. , ptabolisin. A 

represent only a repitition of the ® Xh is 

receptor is an outlying part (Ae chain) of foreign 

combine, by means of a so-called haptophorous g ^ ^ is able 

(protein) molecules. The haptophorous group of Aewp^^^ 

to combine with a food molecule or with “tp^g which, ® 

combination stimulates the cell to Produce more recepto^^^^,^^^ 
the case of toxin combination, may result m P 
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superfluous receptors becoming detached from the cell. These are 
callefl amboceptors because they have two haptophorous groups, and 
in the immunizing process they act as links to bind the invading cells 
to the complements which are normally present and which, when so 
united to the foreign cells, are able to destroy them by means of a 
zyinotoxic or toxophore group. The amboceptor with its complement 
constitutes a cy to toxin, hemolysin, or bacteriolysin. Other detached 
receptors act as antitoxins, as agglutinins, or as precipitins. Toxins 
have a haptophorous group by which they combine with antitoxins, 
and a toxophorous group to which their injurious effects are due. A 
toxin which has lost its toxophorous group, as by heating, is called a 
toxoid. A complement which has lost its zymo toxic group is a com- 
plementoid and an amboceptor that has lost one of its haptophorous 
groups is called an amboceptoid. The presence of a foreign cy to toxin 
leads to the presence of an anticytotoxin, which may act on the ambo- 
ceptor or on the complement. 

Whether Ehrlich's or similar theories can be extended to account for 
all the complex phenomena of reistance and immunity in plants and 
animals remains for the future to decide. Like the hypotheses in physics 
and chemistry, it offers a shorthand method for explaning the facts. It 
helps to make a clearer understanding of the phenomena of both natural 
and acquired resistance and immunity and also explains in a logical way 
the change in the virulency of organisms, in so far as there is any expla- 
nation at present. For example, as Walker (59, p. ^4) has shown the 
pathogenic organisms themselves may be immunized against immune 
serums by cultivating them in media containing increasing portions of 
the immune serums. 

It is not too much to suppose, therefore, that pathogenic organisms 
tliemselves are subject to contagious diseases, suffer from malnutrition, 
and benefit by becoming acclimated, in response to the same laws that 
operate in higher organisms. Changes in virulency can probably be ex- 
plained as the interaction of these factors in the majority of cases; but 
the plasticity or heterozygous character of some forms offer the possi- 
bility of gcnetical change by selection. The brief time required for each 
generation in many of the lower forms and the large numbers produced 
would make this a quick and permanent method of adapting an organ- 
ism to its environment. Since, in general, the lower forms are more 
constant or stable than the higher forms, it is probable tliat such genetic 
change by selection is very limited. 

from the foregoing discussion it seems that disease-resistance pheno- 
jjjcna 111 both plants and animals are due to the same general causes. 

e losts of a given parasite may vary both morphologically and physi- 
ver^T ■ ' according to tlicir physico-chemical complex react di- 
r irritability and response to such factors as temperature, 
nutrition, and poison. The same organism will react 
In sn? ^ fbe same stimuli at different stages in its development. 

subject has been studied, the parasite or disease-causing 
tbehosr according to the same laws that govern 

callv h 'f , ^ ^ changed within certain limits, chemi- 

cases ^ and other external stimuli, such as other dis- 

is no dniihr injury. The jiarasite probably has its diseases and 
^hpplv Tu chemically by them and also by its changing food 

ne delicate balance between these two organisms, host and 
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parasite, there is a physico-chemcial complex so intricate that it has 
thus far been impossible to comprehend or to analyze it in all its detail, 
Heritable resistance represents a permanent upsetting of this balance in 
favor of the host, caused by the variation in its physico-chemical complex. 

inheritance oe resistance 


Acquired resistance and induced immunity, like other acquired 
characters, have not been shown experimentally to be inherited in the 
ordinary sense of the term, but each generation must recover from a 
given disease or be vaccinated (or inoculated with the proper virus) in 
order to acquire immunity. Inherent or natural resistance is definitely 
passed on from generation to generation like morphological characters 
WTien such a resistant race is crossed on a susceptible one, resistant and 
susceptible races may be isolated in subsequent generations, which show 
that the same laws of inheritance which control other characteristics are 
in operation in determining the causes of resistance. Biffn (2), in Eng- 
land, found resistance to yellow rust Puccinia glumanm Erikss. and 
Henn. and resistance to mMew Erysiphe graminis DC. in barley to be a 
simple mendelian recessive. One of his resistant hybrid wheats has 
become of commercial importance and has retained its resistance at 
Cambridge for 1 6 generations. Nilsson-Ehle {34 ) , in Sw^eden, corroborated 
Biffen’s findings as to the heritability of resistance to yellow rust, but in 
his crosses he obtained segregates more resistant and more susceptible 
than the parents, which he interpreted as being due to modifying multiple 
factors. Hayes, Parker, and Kurtzweil (15), in America, found the same 
phenomenon in connection with resistance to stemrust Puccinia gruwmi.5 
Pers. in wheat and in addition found linkage between resistance and 


certain durum and emmer-like characters. 

Other genera that have been studied genetically in regard to resistance 
to various diseases, in general show the same type of inheritance, 
McRostie {30) , working with two independent strains of tlie bean anthrac- 
nose organism Colletotrichum lindemuthianum (Sacc. and Magn.) Bn. 
and Cav., showed resistance to anthracnose to be dominant to suscepti- 
bility. When a bean resistant to both strains was crossed on one sus- 
ceptible to both, a ratio of 9 resistant to 7 susceptible was obtained m 
Fj generation. Either strain alone gave the expected 3 to i ratio. 

(31) he gave additional data including 36 F3 families which supported m 
earlier interpretation. In addition he reported rootrot (caused y 
Fusarium martii pkaseoli Burk.,) and mosaic resistance m ^ , 

partially recessive. He interpreted his Fj results according to ^ r 
9 susceptible to 7 resistant, which was supported by the . 

183 F. families for rootrot and 329 F3 families for mosaic. 
published a preliminary report on the crowmrust of oats, Pucciim 
avenae McAlpine, in which he concludes that resistance is 
was caused by multiple factors. Orton {36^ y/) desen e 
ference of wilt resistance of the stock melon to the watermelon y 
and similarly, resistance to wilt and rootrot was transierre 
Iron cowpea to one of the Whippoorwill type. . ^mnnrtance 

Among the farm crop plants that have attained by 

through their disease-resisting qualities, but which ongi 
selection or introduction, may be mentioned the . 

1. Upland and Sea Island cotton resistant to wilt. ( ^ ofiiart) 

2. Potatoes resistant to late blight and scab. (Jones and b 
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Flax resistant to wilt (Bolley.) 

4! Cantaloup resistant to leafblight, (Blinn,) 

5. Clover resistant to anthracnose. (Bain and Essary.) 

6. Durum wheat in the Dakotas (Carle ton) and Kanred wheat in 
Kansas (Roberts) resistant to rust 

-7. Tobacco resistant to rootrot. (Johnson and Milton.) 

S. Grape resistant to Phylloxera. (Viola and Ravaz.) 

A genetic analysis of the resistance of these crops after crossing them 
with susceptible races would be required to show the type of inheritance 
in each case. Such investigation would be more concise and the inter- 
pretation clearer if a standard method of inoculation were adopted and 
a quantitative rather than a qualitative measure of resistance were used, 
as is being done in rust resistant work with cereals {38), The analysis of 
the inheritance of rootrot in tobacco (21) should prove especially in- 
teresting because of the ease with which crosses are made and also on 
account of the amount of genetic work already done on tobacco. It is 
difficult to interpret much of the past work because inoculation was left 
to chance or natural agencies, which allowed part of the individuals to 
escape infection and the resulting segregates were arbitrarily classified 
as resistant or susceptible, when as a matter of fact every graduation 
from complete susceptibility to complete immunity occurr^. In some 
cases (55) different stages in the life history of the organism apparently 
do not have the same infective power. 

Whether resistance of a given host against a given parasite will be 
maintained indefinitely in a given environment remains for the future to 
decide. Resistance in certain crops {46) may be only temporary. The 
resistance of the host might be apparently lost through the introduction of 
a new physiological race of the parasite to which it was susceptible. An 
example of such an occurrence is recorded by Levine and Stakman {23). 
They obtained a strain of stemrust from Oklahoma that could attack 


Kanred wheat although Kanred continued to be very resistant to the 
two common races of stemrust in Kansas. According to Evans (ri) 
Bobs Rust Proof wheat was resistant to stemrust at Pretoria, South 
Africa, but was badly attacked in the Low Country of the Transvaal. 
This may have been due to the change in environment or to the presence 
of a different biologic form of the fungus encountered in the Low Country. 
Evans also reported an extraordinary case in which the pathogenic 
properties of stemrust on wheat were increased nearly five fold by passing 
one generation of its existence on the E, generation of a cross between a 
resistant and a susceptible variety (Bobs X Wol Koran). Bobs normally 
produced one-fiifth as many pustules as Wol Koran, but when infected 
™ spores from the generation it produced one-third as many. In 
this case the generation had apparently acted as a “bridge" to per- 
Mently increase the virulency of the rust and had also decreased the 
/ between the resistant and susceptible varieties. If this 
ould prove tobe a general rule, breeding for resistance would not only 
Without avail but would actually be a very dangerous practice on 
count of the danger of developing and spreading super- virulent cultures 
regretted that Evans did not grow an F, 
obtain H whether super-resistant segregates could be 

and 1 comparatively few plants in the greenhouse, 

IS results may have been due to some uncontrolled factor, for other 
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investigators have not been able to duplicate his results. Biffen (3) 
positive that such " bridging ” or increase in virulence did not occur amono 
any of his many hybrids in England. Stakman and his associates (45- cl 
in America, after long and careful work with stemrust on its many hosts 
have failed to find any indication of “bridging” or increased virulence of 
the parasite. They grew it on hybrids of resistant X susceptible wheat 
varieties from the F,, Fj, and Fg generations. They used different 
physiological races of the parasite and many species, including several 
genera of host material. In no case did they find an intermediary host 
that would increase the virulency of the rust. On the other hand, thev 
found that the parasite became sickly when cultivated on a resistant 
host and often could not be maintained more than a few generations. 

According to Vavilov (5<?) “bridging species” are found in Puccink 
Syinphyti Bromorum F. Miill. (M. Ward and Freeman), Erysipke graminis 
DC. living on Bromus (E- Salmon), in P. graminis jorma sp. triiici (Free- 
man and Johnson), and Sphaerotheca Humidi on Alchemilla (Steiner), 
It will be noted that these few cases deal with relatively weakley special- 
ized fungi, when compared with the smuts, among which biologic races 
of different infecting power are known to exist; and the hosts used 
contain races varying from complete susceptibility to immunity. The 
conflicting accounts of American investigators may be explained on 
similar grounds. For example, Johnson (20) was able to transfer 
timothy rust Puccinia pkleipratensis Erikss. and Henn. to barley by 
means of oats as a bridging host when it could not be transferred from 
timothy direct, but Stakman and Jensen (47) transferred timothy rust 
successfully to oats, barley, rye, wild oats, oat grass, orchard grass, 
wild rye, rye grass, and rough brome, without the use of a bridging host. 

The biologic races of hosts and parasites, differing in resistance and 
virulency and the difl&culty of keeping pedigreed cultures of each not 
only make accurate work difficult but make it almost impossible for two 
investigators working in different parts of the country to corroborate 
each other's work. “Wheat” and “stemrust” are terms not sufficiently 
specific for work of this kind. The particular variety of wheat and the 
biologic race of the rust must be known. 

Plants vary also in their resistance to the attacks of insects. Tors- 
sell (56), in Sweden, found certain winter wheats that were not baring 
by the six-spotted leafhopper while other varieties in the same field 
were destroyed. In 1916 in the variety test of field peas planted at the 
Washington Agricultural Experiment Station, the seed of Alaska peas 
was infested with pea weevil. At harvest time the Alaskas contame 
more infested than good seed, while the Eangalias growing beside them 
contained only a trace. The adult weevil is winged but evident ) 
preferred the Alaskas. It is a common observation among pota 
growers that the Colorado potato beetle will destroy certain e 
before attacking others. For example, if Early Rose and ^ 
Yorkers are planted in alternate rows in a garden, the bee tip wi s 
the leaves of the Early Rose before harming to any appreciable ex 
the Rurals. But perhaps the most striking example of 
insect attack is that of certain grapes resistant to 
Phylloxera viiijoliae Fitch, described by Bioletti (4). 
and susceptible varieties are crossed, resistance seems to be a 
Such hybrids have become the foundation stock for grafting 
choice wine, table, and raisin grapes of Europe. Phylloxera ee 
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roots of the grape and produces galls or “tuberosites^* which, on the 
susceptible varieties, enlarge enormously, and in two or three years kill 
the vines. This powth is caused by a poison which is injected by the 
Insect. The resistant varieties do not react to this poison, and in 
addition the insect does not multiply so rapidly on it, which indicates a 
repellant effect of the juice of the resistant plant on the life of the Phyl- 
loxera. Between two and three million acres of vineyards in France 
and California have been destroyed by Phylloxera during the past 
Q years and have been replanted to choice varieties that have been 
grafted on to resistant stocks. 

kittle work has been done on the inheritance of disease resistance 
in animals. The nearest approach to an exhaustive critical investiga- 
tion in this subject, is that by Little and Tyzzer {26 ) . They could trans- 
plant the carcinoma tumor designated as J, w. A. at will on the Japa- 
nese waltzing mouse, but the common mouse was immune to it. The 
generation of these two races was very susceptible, there being but i 
in 62 that failed to react. The Fj and Fg generations were very nearly 
immune, there being but 3 reacting positively out of 221. The Fj 
generation, back-crossed with the susceptible parent gave mostly sus- 
ceptible offspring (64 positive to 4 negative), but when back-crossed 
with the immune parent only immune offspring were produced (112 
negative reactions). Altogether 629 mice were used in the investiga* 
tioiL The authors interpreted susceptibility to transplanted carcinoma 
tumor J.w. A. as being due to a complex of dominant multiple factors 
but considered their data insufficient to arrive at an approximation of 
the number involved. 

From the illustrations given above it will be seen that the researches 
already made on the inheritance of disease resistance indicate that, in 
the main, whether due to physical or chemical causes, Mendelian laws 
of segregation and recombination control resistance phenomena generally. 
Artificial crossing and selection of large numbers should help clear up 
the difficulties in making practical use of these laws in controlling crop 
and animal pests, 

BUNT RKSISTANCE PHENOMENA IN WHEAT 
THE PARASITE 

species of bunt, Tilleiia tritici (Bjerk.) Wint. and T. levis 
iinn. T. tritici is the most common and is the one generally referred 
0 in the literature, and, unless otherwise designated, is the species 
referred to throughout this paper, 

, (order Ustilaginales) were among the first recognized 

fK Bbny {41) and Theophrastus (54) wrote about 

and grains and considered them due to untoward weather 

which caused a morbid transformation, that is, 
tissues of the grain. In 1801 Persoon (40, p. 224) 
nol a^i as being due to a fungus. Meyen (55, p. 108- 

tionent ^ ^ wrote that the smut powder in a dissolved condi- 

But ^ ^ ’’®°ts and caused the sap to engender the same disease. 

SDore^ f prove that the fungus from the germinat- 

twn enters the young wheat plant, thereby starting infec- 

" results in the smutted head. ^ ^ ^ 
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According to Arthur (i) fanners reported a bunt outbreak in 185^ 
the Haw Patch district of Indiana that took half the crop. Although 
such epidemics are not common in Indiana, another one occurred iu 
this same district in 1887 and in some fields caused an almost total loss. 

In total harm done in reducing the world’s wheat crop, bunt is second 
only to rust {19). In the wheat section of the Pacific coast in America 
in 1919 it is estimated that between two and three million bushels 
were lost on account of it. Besides the actual reduction in yield, the 
spores clinging to the grain and straw may be harmful to certain animals, 
and added expense is required to clean the grain for flour if the crop ij 
even slightly contaminated. It is known and dreaded in all countries 
where wheat is grown. The countless spores in the separator during 
thrashing are sometimes exploded by the static electricity of the revolv- 
ing cylinder and a fire is started that destroys both machinery and crop 
(PI. I, A). During thrashing the liberated spores are disseminated by 
the wind, and, as Heald and George {16) have shown, distributed at the 
rate of more than 35,000 spores to the square inch during a single season 
over distant fields about to be planted to fall wheat. Under such condi- 
tions seed treatment will not prevent a smutty crop of winter wheat 
the following year if the season is favorable for infection by the wind- 
borne spores. Experiments have shown that in a few weeks after the 
first rains, however, the spores germinate, and in the absence of wheat 
seedlings to infect, the fungus dies within a month or 6 weeks. Spores 
have been kept in the dry for 12 years which would still germinate 
(Woolman and Humphrey.^) 

McAlpine {28, 29) describes the spores of Tilletia tritici (Bjerk.) Wint. 
as globose with reticulate roughened surface 15 to 22 /i (average 16/1) in 
diameter. Under suitable temperature and moisture conditions the 
resting spores germinate in air or water. In water a long septate, un- 
branched mycelium is produced, whereas in air a short, septate, pro- 
mycelium is produced, at the end of which are borne 3 to 10 filamentous 
or sickle-shaped conidia. These conidia, fusing in pairs, produce the 
infection threads by means of which the parasite enters the host. This 
is accomplished between germination and the beginning of photosyn- 
thesis of the young wheat plant. Once established, the fungus grows 
until fruiting time, keeping pace with the growing point without serious 
injury to the host. It then produces a mass of hyphae in the wans 0 
the young ovules, which results in such a quantity of odoriferous spores 
as to fill the ovaries to the point of bursting— that is, making smu 


balls ” about the size of wheat kernels. « . nf the 

The resting spores are never produced except m the ovaries 
host. The parasite remains in a vegetative condUion during me 
time of the host— whether it be 2 months or 10.^ The , 

changes that take place in the wheat plant as ® Ads 

stimulate the bunt organism to similar changes, for it quick y P 
its hyphae through the remains of the nucellus 
its own fruiting spores in the space normally occupied by 


and embryo of the wheat. • x Kiit a single 

Bunt, in common with other smuts, apparently consists ol D 
biologic race. Like other disease-producing 

for certain tissues {24)- The nodes and growing points of theti^_ 
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tigsues in which it is most frequently found in this case, and the fungus 
. Hniibt produces toxins which bring about the deformity characteristic 

‘.•a sUtedpIant (PI. i, B; 2, A.) 

According to Woolman,^ bunt infection takes place during the early 
eedling stages, through the walls of the coleoptile. He is unable to 
iad any t^nce of mycelium except in the coleoptile until the seedlings 
ire about 8 days old. By the time they are 15 days old the mycelium 
las penetrated to the inner side of the second leaf sheath. As the plant 
TOWS older the mycelium penetrates farther and is carried upward 
Techaoically with the growing point, living filaments being found most 
requently at the nodes and in or near the actively growing parts. The 
jlSr parts of the mycelium disappear, apparently being digested and 
absorbed. He finds that the so-called immune varieties are readily 
nfected and that resistant and susceptible seedlings show no difference 
during the first two weeks. By the time they are a month old, however, 
the mycelium in the resistant varieties is more restricted in its rami- 
fications and appears lacking in stainable cell contents. The "re- 
sistance” is evidently chemical in nature and begins to restrict the growth 
af the mycelium shortly after the genesis of photosynthesis. He rarely 
finds evidence of infection at more than one point, although he found 
one head containing spores of both Tillitia iritici and T. levis, which 
proves that two infections did take place, each functioning at maturity. 

Heald (77) believes that multiple infection is required to develop a 
smutted plant. He found that Marquis wheat, which is very resistant 
to bunt, could endure from 500 to 1,000 spores per grain without pro- 
ducing bunted heads in the succeeding crop. When seed carrying 
100,000 or more spores per grain were planted half the resulting crop 
consisted of bunted heads. Jenkins Club, which is very susceptible, 
produced a trace of bunt with as few as 100 spores per seed. When the 
inoculation reached 40,000 or more the resulting crop produced from 80 
to 100 per cent of bunted heads. 

If the multiple infection hypothesis be the correct explanation of this 
phenomenon, it might be compared to induced immunity in animals 
brought about by sublethal injections of fully virulent organisms. In- 
fection in a great number of different places— -that is, a lethal dose— would 
use up the "antitoxin" already present in the plant so rapidly that the 
pathogenic relationship could be established. The resistant varieties 
would either contain more of the "antitoxin" or a greater capacity for 
developing such material. Much more work will be required to estab- 
‘sh this point. The data as published (77) might be interpreted as 
increasing the chances for infection or producing the external conditions 
mat would make possible the penetration of the host cuticle (7). It 
as been shown that the amount of bunt is greatest in wheat planted for 
eptember 15 and only slightly less on October i, at Pullman, Wash., 
e amount Rowing less and less in plantings either earlier or later. 

varieties differ in relative 
ivhetT makes the proposition of determining by a spore count 
for ^ needs treating, a difficult and precarious one, 

wheat. A general prediction of the amount of smut to be 
P ea m spring wheat would be less hazardous. 


wheat, n Woolman, has done much cytological work on the relationships ol b 

nas kinoiy permitted me to make the above statements ol his unpublished work. 
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Summarizing the evidence at hand, bunt appears to be a highly specif], 
ized parasite, consisting of but a single biologic race and existing on but 
a single host genus, Triticum.® Its spores are disseminated both on the 
seed of the host and by wind to fields of fall wheat. Infection takes 
place only during the seedling stage of the host and to be effective mav 
require multiple infection. It produces but one crop of spores a yea^ 
these being deposited in the wheat ovaries following the flowering pedod 
Next to rust, it is the most destructive parasite of w^heat. Besides the 
actual loss due to bunted heads, additional losses occur through feeding 
smutty grain to animals, through lowering the vitality of the seed bv 
treatment with disinfectants, through the time and expense of treating 
the seed, through fires caused by explosions of spores during thrashing 
through extra cleaning required in milling, and through experiments oi 
farmers, such as planting out of season, changing seed, and trying other 
unadapted plants in an effort to avoid a smutty crop. 


THR HOST 


There are eight commonly recognized species of wheat in American 
agricultural literature. According to Tschermak (37) Einkorn, Tntiam 
monococcum is quite distinct from the otliers and generally will not cross 
with them, although Blaringhem (5) succeeded in crossing it with durum 
and Polish wheat. Emmer, T. dicocciim Schr., is thought to be the 
progenitor of the other six. Durum, T. durum Desf., Polish, T. polonkim 
L., and Poulard, T. turgidum L. are inter-fertile but show about 50 per 
cent sterility when crossed with the other three. Common wheat, T. 
vulgare Vill., Club wheat, T. compacium Host., and Spelt, T. spcJia b. are 
all fertile inter se. 

Triticum generally shows intersterility with other genera, althougli 
crosses have been made with Secale (rye), but the Pj generation is ncarlv 
always sterile, rarely producing se^. Love and Craig (27) reviev^ed 
former work on wheat-rye hydrids and reported a cross between Dawson 
Golden Chaff and common rye in which they obtained a single plant m 
the Fi, F,, and F^ generation, there being but one seed produced 111 each 
of the first two generations. The F3 generation \vas not so nearly stenlc, 
for it produced a number of seeds from which a variable population oi 


F* segregates were obtained. , 

In common with many other members of the grass family the breac 
wheats have hollow stems closed at the nodes and two-ranked para! ct 
veined leaves consisting of sheatli and blade. The sheath envelopes 
stem with the edges overlapping. The flowers are perfect, arrange 1 
on a spikelet, and the spikelets alternate on the racliis to form a • 
Two emptv glumes inclose each spikelet. Each fiower is inclose 
floral glume on the outside and a palea on the inside and con. - 
three stamens with slender filaments and a i -celled ovary ben 
styles with plumose stigmas. Wheat generally is selMerti 1 , 

natural hybrids sometimes occur in arid climates. 

After germination the plant passes through a vegetative sta^ 
it produces a cluster of leaves (the stool), tillering from a zoi 


* since completing this manuscript I iound two smutted o elike it 

138 wheat Ro W rye. The characteristic odor and ntiriilatefl^nriaces p j . Stevenson 

touL caS organism was Tclktm Mm. (Bjerk.), Wint, Tho Wash,. ««' «' 

two heads ol what Iwked like bunt on common rye m our cert-al nur.ery 
place where the two r>'e-wheat hybrid plants had been found. 
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• HP near the surface of the earth. With the approach of summer the 
■f ras elongate rapidly, the seeds develop, and the plant dies. The 
aetative stage is completed in from one to eight months, depending 
,inon temperature and variety. 

The vegetative period exhibits some interesting variations. A funda- 
eiital varietal agronomic difference of great practical importance, which 
entirely ignored in most taxonomic nomenclature, is the habit of 
Itowth during this vegetative period that distinguishes winter and spring 
vheats. A typical winter wheat, in the north temperate zone, will not 
head out or produce grain if planted in the spring. It remains as a green 
gg clump all summer and dies the following winter. If it is pastured 
^ the leaves frequently cut off during the summer, it may live through 
the winter and the following summer head out and produce a normal crop 
of grain. Spring wheat, planted in the spring, passes through the vege- 
tative stage in a few weeks and then the culms rapidly elognate, the head 
develops, and a normal crop is produced. If both are planted in the fall, 
the vdnter wheat lives through the freezing and thawing of a severe printer 
and produces a normal crop the following harvest under conditions in 
which the spring variety would winterkill. The time required from 
flowering to the maturing of the grain varies greatly with the changing 
climatic conditions. High temperatures, bright sunlight, and strong 
winds favor rapid maturation. Cool, cloudy weather with little wind 
favors the maximum length of time between flowering and maturity. 
The elongation of the stems, flowering, and fruiting are completed in from 
30 to 60 days or longer, depending upon weather conditions. 

Most of the cultivated wheats are of the species Triticiim 'vulgare, but 
in certain districts the durum and club wheats predominate. Durum 
is produced in the Dakotas and western Minnesota principally, and the 
club area is confined, for the most part, to the Pacific Northwest. 

Many investigators have classified comparative susceptibility to 
disease according to genera and species. (Jaczewski (18) , Carleton ( 5 ), 
Freeman and Johnson (/2), Stakman (5.?) , Kirchner (22), and Reed {42),) 
For wheat they have shown that einkorn is generally resistant to all 
rusts and mildews. The durums, polish, poulard, and some of the 
emmers are partially resistant, but the common and club wheats, the 
spelts and part of the emmers are generally classified as susceptible. 
This shows a remarkable parallelism with the sterility groups and sug- 
gests the probability that the physical and chemical factor differences 
that cause sterility are also responsible for the differences in resistance. 
It would be expected, if this were the case, that specific sterility factors 
would be linked with resistance, and both would be linked with the 
morphological differences that make up the species. Hayes, Parker, 
a^d Kurtzwdl (75) actually found such linkage, together with the 
expected sterility, in crosses of common with both durum and emmer. 
linkage was not complete, however, for out of a large number they 
0 lamed a very few segregates of common type that were resistant to 
s emrust and some of emmer and durum type that were susceptible. 

appears that the physico-chemical factor complex responsible 
or stenlity in crosses of so-called immune and susceptible races is not 
In f f producing resistance, although very closely associated. 

sterility factors may be the identical factors that cause 
A resistance, for resistance is specific for each parasite, 

orr^n susceptible to stemrust and resistant to yellow rust, 

to mildew and susceptible to both rusts (2, g). 
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Bunt, like the rusts, finds certain species more congenial hosts th 
others. Table I, compiled from the tests of 1919 and 1920 at the w”? 
ington Ap-icultural Experiment Station, Pullman, Wash., shows h 
comparative resistance of the eight species as tested. ^ 

Tablb 1 . — Comparative bunt resistance of the eight species of -wheat 


Spedes. 

Number of 
tests, B 

Total Hum- ■ 

her of 1 Percfnta?,e 
plants d buDi 

counted, | Produced, 


4 

3 

10 : 

21 
40 ^ 
9 , 

i 98 

666 

0.0 

i 1-1 

'55 ; 9.6 

5; 5 . 

i 2 f), J 

: 3 ^^ 

296 , 5^ j 

25,009: 70.3 

Polish {T. Polonicum) 

Emmer (T. dicoccum) 

Spelt (T. spelia) 

EKirum (T. durum) 1 

Poulard {T. turgidum) 

Club (T. compactum) j 

Common (T. vulgare) 


■ The actual aumber of distinct races or sorts was but slightly over soo in round numbers. Many oi ih? 
1919 plantings were duplicated in 1930. 

Taking the average percentage of bunt produced as the index of 
resistance, the eight species may be arranged into four groups. Ein- 
kom is immune, polish, eramer, and spelt are very resistant, durum 
and poulard are intermediate, and club and common are very suscep- 
tible. It would require a much more exhaustive test to establish these 
findings as general laws for specific bunt resistance, but there are two 
deductions that may be made. i. Species of Triticum differ in their 
susceptibility to bunt and in a manner analogous to specific rust resist- 
ance and also analogous to their genetic relationships. 2. Spelt forms 
a notable exception, falling into the very resistant class instead of the 
susceptible class that its genetic and rust-resistance relationships call 
for. These relationships are established by the work of several investi- 
gators (75, 57, $ 8 ), and the different behavior of spelt in respect to 
bunt resistance is established in Table i by the performance of 21 rows 
and more than 500 plants. 

It has been found that the common and club wheats vary within 
rather wide limits among the different races of the same specip, a few 
selections of both being very resistant, more being intermediate, but 
the majority being very susceptible. 

Resistance to some diseases seems to break down when the host i? 
grown in another environment. The information available on bunt 
resistance indicates that a wheat resistant to bunt will remain so in aij 
climates. For example, Turkey (Washington, No. 326) is resisUn 
under conditions favoring maximum infection at the experiment stations 
of Kansas, Minnesota, California, Oregon, Idaho, and Washington. 

A comparison of a large number of varieties, known to be pure lines, 
in two districts of distinctly different climate should give a clear 1 e 
of the probable constancy of bunt resistance in different 
This can best be done by means of a correlation table in whic ^ 
comparative resistance of each variety in one locality is 
relation to its comparative resistance in the other locality. 1 
perfect agreement, the coefficient of correlation is i. If they v 
pendently in each locality, without regard to the comparabve res 
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in the other, the coefficient of correlation equals o. Table II presents 

such a correlation. 

TablU ll.-— Correlation of 150 mrieties of wheat in respect to bunt resistance * 



I Percentage of bunt at Moiti, subject; percentage of bunt at Pullman, relative; 1919. 
Coefficient of corTclation=o.G54±a.03is. 


A comparison of 150 selections of wheat (mostly Triticum ‘vulgare, a 
few being club and durum) tested at Pullman, Wash., and Moro, Oreg., 
}how a correlation coefficient, according to Table II, of 0.654 ± 0-03 15- 
\ioro has an arid climate with an average rainfall of 11.6 inches. The 
elevation is 1,800 feet; the soil, a fine silt loam. Pullman has an annual 
■ainfall of 21 inches, a clay loam soil, an elevation of 2,500 feet, and a 
lower summer temperature than Moro. The Moro data were obtained by 
:ounting the heads of bunt and wheat from which the percentages were 
figured. The Pullman figures were obtained by the combination plant 
and head count described on page 460. Taking into account the differences 
in climate and methods, the high correlation is significant. It shows that 
resistance and susceptibility are fundamental differences and are not 
easily changed by environmental conditions. A large number of these 
varieties have been tested at Davis, Calif., Aberdeen, Idaho, and Cor- 
vallis, Oreg., under wide differences of soil and climate, and the indications 
are that the common varieties that are decidedly resistant or susceptible 
are outstanding in those respects at all places where tested. Table II 
shows only four varieties less than 10 per cent bunt at both Stations, but 
30 varieties more tlian 90 per cent susceptible. The average of all 
v^eties at both Stations is 70 per cent, which is very near the figure 
given for the T . vulgare group in Table I, in which a much larger number 
represented, covering the two-year test (1919 and 1920) at 

It is very seldom that a row of wheat, containing, say, from 50 to 100 
va^H f nothing but bunt heads, no matter how susceptible the 

numK^ or how favorable the conditions for infection axe. A small 

prod ^“oat heads, and usually a few plants, escape the fungus and 

^ .formal seed. It might be assumed that these occasional plants 
oiutants. To test this possibility 10 bunt-free plants of 
selected in 1913, and for three years smut-free plants 
Ihe selected. At the end of the third year 

^ plants produced 85 per cent of bunt as compared with 80 
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per cent for the unselected check. Other tests of selections from Turkey 
and Red Russian add proof to the conclusion that the bunt-free plants iii 
varieties planted under conditions favoring maximum infection are not 
resistant mutants but rather escape infection by accident. 

breeding for bunt resistance 


In testing different wheats for comparative resistance to bunt, condi- 
tions favoring maximum infection were, as nearly as possible, maintained. 
The seed was inoculated with fresh viable spores just before planting. 
This was accomplished by stirring into each packet of seeds from i to 5 
per cent of its weight in bunt spores, so that each seed was literally 
blackened by spores clinging to it, besides a surplus of loose spores among 
the seeds, 'the inoculum was obtained from the smutted heads of many 
different varieties of wheat in the field, in order to get a representative 
sample of the organism in its native environment. The heads were 
ground up and the spores sifted out and kept in a cool, dry place during 
the planting season. .The packets of inoculated seeds were planted by 
hand in rows 18 inches apart. The seeds were spaced 4 to 6 inches apart 
in the row to avoid confusion in separating the plants at harvest time. 
Each experiment, whether a variety test or an Fg family, was planted at 
approximately the same date to avoid eiror due to changing seasonal 
conditions. As many as 10 men were required at times in order to plant 
a given experiment in a single day. 

The field was kept free of weeds and volunteer gram by rotation and 
cultivation, com and field peas preceding the cereal nursery in a 3-year 
rotation in every case. The rainless summers of eastern Washington 
make clean cultivation under these conditions comparatively easy 
A stake bearing a printed label with date, name of experiment, name of 
variety and pedigree number was placed at the end of each row. fk 
records at harvest time were obtained as follows: To get a quantitative 
measure of resistance, the plants of each row were pulled and separated 
into three piles (bunt-free, all bunt, and part bunt) ; ^d the number 0 
plants in each was recorded in a field note book. The partly bun ed 
plants were then divided into heads of wheat and heads of bunt , and tn 
numbers were entered in their proper columns. With these five 
it is easy to reduce the amount of bunt in a given row to terms ol a sm 
number for direct comparison with the amount produced by an^ 
row. The computation used gives the total bunt in terms 
of the whole row, according to the formula ab^c = d m ^ 

percentage of bunted heads on the partly bunted plants, h is the p r 
age of partly bunted plants in the row, c is the . ,ow 

bunted plants in the row, and d is the total oalciilating 

that is bunted. The computations were ^^ained are 

machine and checked with a slide rule. ^ The thus ob^^ 

not materially different from those obtainable by ^ stiaigh 
of all the heads in the row. This method takes much 1 ^ ,p_that is, 
information that a straight head count would not on 

quantity of partly bunted plants and the amount of wtot p 
them, which in itself is an important measure of resistance, 


in checking errors in counting or computations. the main 

The work was all carried on out of doors, m the hem. 
being to have uniform conditions for all the rows 0 a gi 
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the differences in bunt resistance would be attributable directly to 
differences in the constitutional make-up of the wheats compared. 


PARENT STOCK 


Of the eight varieties to be discussed in relation to their bunt resistance, 
six are of wide commercial importance. Hybrid 128, Turkey, Fortyfold [ 
Ked Russian, and Jones Winter Fife are the five most important winter 
wheats in the State of Washington and are named in the order of their 
importance from the standpoint of total production. They represent 
more than three-fourths of the winter wheat produced in the Northwest. 
Alaska is not commercially grown except in isolated sections where an 
occasional farmer has been the victim of propagandists who have made 
extravagant claims for it as a wonderfully productive and hardy wheat. 
Of the two spring varieties. Marquis is third in production in Washington 
aud is universally grown in the Great Plains area of the United States 
and in northwestern Canada. Florence is of some importance in Aus- 
tralia but not been grown in Americaexcept for experimental purposes. 

Taxonomically all are Triticum vulgare except Hybrid 128, which 
belongs to T. compacium and Alaska which is a poulard, T. turgidum, 
Turkey, Florence, and Alaska are resistant (PI. 2, B) and Hybrid 128 
and Jones Winter Fife are susceptible to bunt under all conditions. 
Fortyfold and Red Russian are intermediate but approaching the 
susceptible varieties (PI. 3, A). Marquis is resistant when sown in the 
spring but intermediate or susceptible when fall-sown. Table III gives 
the amount of bunt produced in the tests from 1915 to 1920. The 
season of 1917 was very unfavorable, and the wheat did not come up till 
spring. Since none of the varieties produced any appreciable amount 
of bunt, the record of that year is omitted. 


TABLI? III.— Annual percentage of iunt produced on parent stock for the years ror? 
to 1920, mih ihe ^.year average for igi8 to iq 20, and the total number of phnU in 
tests during the latter period ^ ^ 


Variety, 


Turkey 

iJarquisa ’ " 

Florence 

Alaska 

Fed Russian. . 

5>rt>'foId 

hybrid 128.., 

Jones Winter Fife ’ . ’ 
Average first 4 varie- 
ties. 

last '4 vane-' 
suscepti- 


4.6 


67.8 

73*5 

86.6 

89-3 


79.3 


? Marquis 


1916 


1-7 


85.6 
71. 2 

96.4 

87.4 


85.3 


Percentage of bunt. 

Total 
number 
of plants 
in 3 years 
1918-1920. 

1918 

1919 

1920 

Average 

1918-1910. 

0. 6 

2.4 

7.6 

3 - 5 

2.883 

3 - 4 

7-3 

3.5 

4.7 

8 r 3 

•9 

8. 1 

12. 2 

7-1 

880 

. 0 

7.1 

20. 1 

9.1 

312 

49.9 

77 - A 

56.1 

61. 1 

2, iiS 

49.6 

76,4 

65.2 

63-7 

479 

63.0 

98. 1 

77.6 

79. 6 

685 

78.3 

94. 2 

73-6 

82. 0 

3 U 

I. 2 

6. 2 

10. 8 

4-5 


60. 2 

86.5 

68. 1 

75-9 


30.7 

46.4 1 

39*5 

38 - 9 



^ ^ the testa. 

25622 23 ' ^ heads of these eieht oatent varieties. 
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There is considerable variation from year to year, but the varieties 
generally maintain their relative positions. The four resistant ones are 
always comparatively resistant and the susceptible ones are always 
comparatively susceptible, regardless of seasonal fluctuations. Turkey, 
representing the extreme resistant type, and Fife, representing the 
extreme susceptible type, show less variation than the others. Marquis 
shows less variation than any of the others during the three years recorded 
and is so uniformly resistant that farmers often take advantage of it and 
do not treat the seed before planting. It was a matter of considerable 
surprise, therefore, when it was discovered that Marquis was susceptible 
when planted in the fall. In 1919 a fall sown row of inoculated seed 
produced 661 heads, 489, or 74 per cent, of which were bunted, The 
same phenomenon was observed in 1920, the 14 plants that survived the 
winter producing 31 per cent bunt, compared with 3.5 per cent produced 
from a spring planting of 90 plants in the same field. The record of 
Florence, the other spring wheat, is taken from fall sowings but is some- 
what more resistant when spring-sown. Evidently the resistance of 
Marquis is different from that of the others, inasmuch as it is neutralized 
by the lowered temperature or the winter rest period. There seems to 
be no peculiar habit of growth or taxonomic difference associated with 
this loss in resistance, but it is a constantly recurrent phenomenon 
obtaining wherever tested. An example of the uniformity of these 
reactions is shown in the records from Davis, Calif. Seed of the three 
varieties Turkey, Florence, and Marquis was sent to that Station to 
be tested for bunt resistance in the season of 1920. Plantings of each were 
made November 4 and December 21, 1919- More than a thousand heads 
of each were produced in 1920, of which Marquis contained 37 per cent 
of bunt heads, Turkey and Florence containing but 7 and 6 per cent, 
respectively. The spring sowing of Marquis was uniformly resistant. 

This does not mean that all the others have the same kind of resisti 
ance In fact they have not, according to the segregation tests of their 
hybrid progeny, as will be shown later. It seems probable, from a 
study of Table III, that the different wheats do not react the same to 
climatic influences from year to year. For example, in 1920 the re- 
sistant varieties (with the exception of Marquis) produced more than 
twice as much bunt as their 3-year average shows, while the tour s® 
ceptible varieties produced an average of 7 8 per cent less m a s 
comparison. The reverse condition obtained in 1916, while 9 
all varieties produced less than normal, and in 1919 all but tu y 
and Alaska produced more than normal. It is very ^viden 
“good” or “bad” smut year does not apply equal y to all vaneti ■ 

The percentage of bunt produced on the partly bunted 
much less on the resistant than on the susceptible varieties 
being 25 to 67 when the four resistant v^ieties of ble i 
pared with the four susceptible ones. This may be take 
ment in favor of the physico-chemical nature of 
' there can be no question al^ut the plants being inf ecte . 
is plainly one of greater incompatibility of the ^esistan o 
ratio of total bunt 4.5 to 75.9, however, shows a ®sure of re- 

and is the just and proper one to use as a quantitativ 
sistance or susceptibility. 
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SEGREGATION OF HYBRIDS 

Only a few of the possible combinations of the eight parent types 
have teen made, but the data obtained are sufficient to show the general 
type of the inheritance to be expected, and the crosses described below 
have been tested in sufficient quantities and over a long enough period 
of time to warrant the conclusion that resistance is definitely heritable 
according to the commonly recognized laws of genetics. Three types 
of crosses have been made : resistant X resistant, resistant X suscept- 
ible, and susceptible X susceptible. Because a smutted plant is auto- 
matically eliminated from furtiier testing, as it produces no progeny, the 
seed for the and Fj generations were not inoculated with spores but were 
treated with formaldehyde instead, so that both susceptible and resist- 
ant segregates were saved for the F3 generation, which was thus the real 
beginning of the test. F^ sibs had been saved, however, so that Fj sib 
rows could be tested with the Fg’s the same season, under the same con- 
ditions. Thus the parent varieties, the Fj's and the Fg's were all tested 
at the same time in the five crosses that have been carried on in sufficient 
munbers, and under such conditions as to make the results significant. 
The amount of bunt produced per row in the segregates of the F^ genera- 
tions has been arbitrarily put into 10 groups, each class having an ampli- 
tude of 10 per cent. The numbers in each class of 10 crosses is given 
in Table IV. 

Tabib IV.— Number of F3 rows falling into each class, when ike percentage of hunt 
produced from 0 to 100 is divided into 10 equal parts 


Variety, a 


A XT.. 
TXF., . 
TXH. . 
TXR... 
Fd X T. . 
AXJ..,. 
Fd X R. . 
HXM... 
AXR,. 
AXFd. 


Number of rows falling into class with average percentage of bunt — 

Total 

5 

IS 

25 

35 

45 

55 

65 

7S 

8 s 

95 

number 
of rows. 

6 

I 

0 

3 

0 

0 

I 

I 

I 

I 

14 

101 

19 

18 

12 

6 

6 

3 

2 

I 

0 

168 

IS 

13 

9 

23 

28 

33 

36 

25 

II 

I 

194 

17 

9 

6 

I 

4 

2 ^ 

1 

2 

0 

0 

42 


64 

37 

63 

97 

104 ' 

83 

59 

38 

5 

^593 

0 

0 

2 1 

2 ; 

0 ; 

I 

1 4 

9 

0 

24 

I ' 

17 

34 

55 i 

40 ; 

27 ■ 

5 

2 

0 

0 

181 

0 i 

, 1 

0 

0 ; 

0 ; 

0 1 

0 ; 

0 

5 

53 

276 

334 

‘ 

0 

2 : 

X ! 

0 

I 

I 

2 

I 

2 

i II 

■ 

0 

I : 


2 

I ; 

6 

.5 

I 

I 

1 21 

j 


Russian 

at random from an F, popu 

0 selective elimination of susceptible segreeates in earlier jenerations. 


Tpr™ Russian. ’ * , j - j ^ - 

If re hac at random from an Fj population, "which makes these figures really Fi’s in wMcli 

u'fftvirafAe Jrt marline f 


number of plants per row varied in the different crosses 
minimT v 60,000 plants were counted in deter- 

fact thnMh percentages of the 1,582 rows listed in Table IV. The 
parison made during four different years makes com- 

'^oaclusion*? rL ’ yet it tends to add weight to the general 

fact that fVifi inheritance of resistance, because of the very 

Alaska wsq nr. seasons are included. All of the rows in which 

with 1 P^ents were grown in 1916. The Turkey crosses 
^^arquis wa. j Fortyfold) were tested in 1918. Hybrid 128 X 
ted m 1919, and the other two, Fortyfold X Turkey and 
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Fortyfold X Red Russian, were tested in 1920. Only the five crosses k 
which the number of rows exceed 100 will be considered in detail, as the 
others are too few in number for analysis. The others may be discussed 
briefly as follows : All four of the crosses in which Al^ka was the original 
male progenitor produced a high degree of sterility, which, combined irith 
lack of winter hardiness, made it difficult to obtain large^ numbers, Xhe 
figures as given, however, show that there is segregation, as both re- 
sistant and susceptible sorts were obtained in every case. Moreover, 



Fig. i.-~Graphica 1 representation of bunt resis^ce 
Three classes of parenU were u^t Resistant. 

Red Russian (6i.i); Susceptible, Marquis {74). Bybnd 13^79 61 ^ j,{ njbnd 

DCrOTtage of bunt produced under conditions favormg Hie o^er crosses transf«s- 

with Turkey and Marquis reproduce only the extr^es^ smd more susceptible tbas 

sivc inheritance occurred-tbat is, segregates were obtained more resistant anu nu 
the extremes of the parents. 

the susceptible classes occur with greater .ttiesloMS 

ones in the crosses of Alaska and the three 
. Winter Fife, Portyfold, and Red Russian. Crossed jj,j 

Turkey, a majority of the F^ rows are . fomid more 

selections which was sent to the Oregon Station ha fj-oni a 

resistant than either parent there and ^venth genera' 

commercial standpoint that it has been continued to ™ were 

tion. Five F< selections and i8 selections m th ^ « aodnevef 

grown at Pullman from one F^ row that was «itirely buuM ^ 
a trace of bunt could be found in any later generation, ai S 
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and Alaska, the parent strains, produced a small amount of bunt each 

exhaustive test of Turkey X Red Russian was attempted in 1917, 
but the season was so unfavorable that the grain winter-killed badly 
and ranch of it did not germinate till spring, during which time the 
bunt spores with which the seeds had been inoculated probably perished, 
for out of 513 rows planted, but 2 produced as much as 10 per cent 
of bunted heads. Random selection of 42 plants from this Fg generation 
gave a preponderance of resistant type in the generation but was 

not carried further. .... 

There are five families in which the numbers are sufficiently large 
and the seasons sufficiently favorable to ^ve results that are dependable 
for purposes of comparison. The distribution of the different classes 
has been refigured on the basis of the number of each class per 1,000 
rows and the result put in the form of curves in figure i in which the 
ordinates represent the number in each class and the abscissas represent 
the different classes. There are four distinct types of curves, one in 
which the 5 per cent class predominates, one in which the 95 per cent 
class predominates, one in which the 35 per cent class predominates, 
and two in which the major predominating class is 55 or 65 per cent 
and a minor class predominating on the resistant end of the curve, 
and a low center at the 25 per cent class. These two similar crosses 
are not so similar in reality as they appear from the position of the 
curves, for the data from which the curve representing the Fg generation 
of Turkey X Hybrid 128 was taken was obtained in 1918, while the 
other curve representing the data of the Fg generation of Fortyfold X 
Turkey was obtained in 1920. Reference to Table III shows that 
the three parent wheats produced an average of 13 per cent more bunt 
in 1920 than in 1918. If the curves were corrected for this seasonal 
difference, the Fg generation of Turkey X Fort}dold would show a parallel 
curve that would be from 10 to 20 per cent more resistant than the Fg 
generation of Hybrid 128 X Turkey. Turkey is one of the parents 
in both crosses, so the difference in the two curves must be due to the 
differpee in the inheritance of the other two parents, Fortyfold and 
Hybrid 128. It seems more than coincidence that the 5-year average 
of the two wheats (Table III) should show 17 per cent less bunt pro- 
duced by Fortyfold than by Hybrid 128. In fact the Fg generation 
of Fortyfold X Turkey shows a mean of 2.3 per cent less bunt than the 
mean of the other Fg generation nothwithstanding the more favorable 
season for bunt in which it was grown. Any combination of the parents 
m question shows from 10 to 15 per cent more bunt in 1920 than in 1918. 

H differences of each parent is, for Turkey, 7 per cent, for 

ybnd 128, 14,6 per cent, and for Fortyfold, 15.6 per cent. It seems, 
ererore, that the curves in question should be separated, on account 
0 seasonal differences, by at least one class, or somewhere between 
Hvh ^ other words if the Fg generation of Turkey X 

woildV^^ tested in 1920 instead of 1918 the 194 rows tested . 

, produced between 7 and 14 per cent more bunt on the 

would have been between 9.3 and 16.9 
lid nr H generation of Fortyfold X Turkey actually 

is one picture of the inheritance of these two crosses 

^uctuaf susceptibility is dominant, with the susceptible segregates 
^ studv^^f ^ound the mean of the susceptible parent in each case, 
y 0 the material in the field revealed an important difference 
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in the two Fg’s that the figures in Table IV or the curves in 
I do not show clearly, namely, that transgressive segregation occunS 
in the generation of Fortyfold X Turkey, there being five ro^ 
decidedly more resistant than Turkey and many rows more susceDfW^ 
than Fortyfold. This phenomenon was not observed in the other P 
generation, in 1918. Turkey was just as resistant and Hybnd I 
just as susceptible as the extremes of the segregates. This su£?aI 
the idea that Fortyfold carries an element of resistance different than 
the elements of resistance in Turkey, which, added to it, produces a 
wheat more resistant than Turkey, and without which the segrepatf 
becomes as susceptible as Hybrid 128. In susceptible segregates this 
Fortyfold element of resistance has a value of from- 10 to 20 per "cent 
but in resistant segregates the value lies between i and 7 per cent' 
depending upon the season. It will require tests in later generations 
to establish this hypothesis beyond question, and this is being done. 

It is difficult to place these phenomena of inheritance on a factorial 
basis on account of the seasonal fluctuations and the quantitative and 
comparative nature of the material. It is quite evident, nevertheless 
that Turkey has several times as much resistance to bunt as Fortyfold! 
It is also evident, from the performance of the segregates of Turkey x 
Hybrid 128 in the F* and F^ generations, that this “Turkey resistance" 
splits up into its component parts when crossed with other wheats of dif- 
ferent constitution. Table V shows the comparative resistance of 144 
F4 rows (the offspring of 144 F3 plants, selected from nine different F, 
rows), in comparison with the parent rows from which they came. 

The nine Fj rows from which the selections were made were the most 
resistant segregates of beardless, club, winter hardy type (characters 
which were also being studied) . It has been shown in an earlier paper 
(74) that resistance in this cross is not linked with the external charac- 
ters studied. In comparing the third column, “ Bunt in F3 generatioD" 
with the others, it must be borne in mind that these figures were obtained 
in 1918 and that the F^ percentages were obtained in 1919, in which year 
(according to Table III) the parents showed 18.4 per cent more btint 
than in the year in which the F, generation were tested. 


Table V ^Distribution of bunt resistance of Turkey X Hybrid 128 tn ik gcneraim 
from g resistant Fj rows 







R an pe oi bunt in 


Niunberd 

Average 

Bunt in Fi 
generation. 


rows, 

Fs row No. 

plants se- 
lected from 

number of 
F4 plants 

bunt of Ft 
rows. 

^ 

1 

1 

each TOW. 

per row. 


Lowest. ! Higliet 




Percent. ' 

Per cent. 

Percent. : 

1387 

36 

n '' 

1,9 1 

12. 7 

5 '^ lu 

1304 

22 

56 

4.8 

18.7 

3 *' 

13m 

2 

50 

6.4 

32.0 


1353 

14 1 

66 

6. 6 

13-6 

S' ^ i , 

A 1 

1312 

29 1 

63 ! 

7.0 1 

13-2 

12. 7 ' 

1 ir.6i 59 - 
16.6 i 

i$- s 

1284 

»97 

13 ' 

14 

i 70 

42 

7- 1 
9.8 

35‘3 
33-2 
sri. 6 

1357 

8 

69 : 

13-4 

“99 

17 

46 1 

14.6 

34-8 j 

Average 

16 

59‘2 

: i 

8.0 

' 1 

23-3 i 
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The season of 1919 was very favorable, and an average of 60 plants per 
row was obtained. Four of the 9 F3 segregates produced F^ progeny 
almost as resistant as the resistant parent, Turkey. The range of bunt 
produced by the different F* rows indicates that the F^ row from which 
they were selected was probably heterozygous for resistance in every case, 
the range being from 12.2 to 39.2 per cent, which is a larger fluctuation 
than Turkey. (Ten rows of Tmkey were grown in this same series, for 
comparison, the extremes of variation being 0.7 and 6.9 per cent.) There 
was, however, not one of the 144 rows in which the plants did not evidence 
some of the resistance of the Turkey parent, for the susceptible parent, 
Hybrid 128, growing alongside of the F^ rows contained 98 per cent of 
bunt, whereas the worst F^ row produced less than 60 per cent. The dif- 
ference was even more outstanding in the field than the figures indicate. 
Taxonomically the F^ rows resembled very closely the susceptible Hybrid 
128, but the bunt-infected plants were very different. Once a plant of 
Hybrid 128 became infected it seldom produced any wheat. Out of 125 
infected plants but 3 produced wheat, while 25 of the F^ rows produced 
some heads of wheat on every one of the infected plants, and only 1 1 of 
the 144 F* rows contained more than 10 wholly smutted plants. 

The plants in 5 of the 29 F^ rows from Fg row No. 1312 were superior 
in yield and quality and were very resistant; they became the progeni- 
tors, therefore, of the Fg selections, five F^ plants being selected from each 
row. Five plants were also selected from each of two other F4 rows for 
test in the fifth generation. Thus the individuals of 35 Fg rows repre- 
senting 3 F3, and through them 7 F^ families were tested for bunt resist- 
ance in 1920. Ten of these rows — that is, 2 of the F^ families — were 
selected for susceptibility instead of resistance to see whether the amount 
of bunt could be increased by selection after two generations of selection 
in the opposite direction. The data are summarize in Table VI. 

Tabie VI— Distribution of bunt resistance in the Fj, generation of Turkey X Hybrid 128 
selected from five resistant and two intermediate families 


! 

1 From Fj 
F 4 row No. family row 

1 No. 

Average 
number of 
Ft plants 
per row. 

Bunt in 
F 4 row. 

•Ill ! 

■ i 

Range of bunt in Ft 
rows. 

Lowest. 

Highest. 

1 

j 


Per cent. 

Per cent. 

Per cent. 

Per cent. 


42 

4.3 

13-3 

3-3 

22. 2 


4a 

7-5 

19.4 

16, I 

22. 9 


53 

7.9 


3 ' I 

15-2 


59 

0. 2 

18.3 

g, 2 

35-8 


48 

8-5 

14.7 

9.1 

18.8 


60 

27.7 

33.2 

10. 8 

37.8 


45 1 

37-5 

48.3 

28.8 

67.7 

— .> 







for plants selected from row 1470 were apparently homozygous 
that T generation but lacked an element of resistance 

while T^ t possesses, for they varied around the mean 19.4 per cent 
Year fni- m ^ varied around the mean 7.6 per cent — the worst 
Uq 2 of Tw began in 1914. The numbers 1426 and 

^ heterozygous and that suscepti- 

within ^ ^^oreased by selecting in that direction, for one row was 
10 per cent of being as bad ^ Hybrid 128. 
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The total populations of the and F5 generations are presented in 
figure 2 in terms of the distribution of rows in the different classes per 
thousand, similar to the F3 distribution in figure i. It will be seen that 
the and F5 generations very nearly parallel each other. If the tMo 
susceptible lines had been eliminated, the other five would show decidedly 
greater resistance than the F4 generation in spite of fact that resistant 
varieties generally were twice as badly smutted in 1920. (See Tahi^ 
III.) Figure 2 may be taken to fairly represent the first peak of re- 
sistant segregates of the Fg curve in Figure i. No doubt subsequent 
selections will isolate the full resistant qualities of Turkey in the progeny 
in the homozygous condition. It is not unlikely that some of the rows 
are already in that condition and can not be changed by selection. 



FtO. 3.— Graphical representatiott ol resistant segregates in later generations. . 

?; sSregates indicates the constancy of the selections. The in^ease on the susceptible end ot ihej, 
curve is due to the selection of lo families in that direction from the 

For convenience in summarizing the data in respect to the bunt re 
sistance of Turkey and Hybrid 128 and the progeny of a cross beween 
them, Table VII has been prepared. It should be kept “ 
result of a given generation represents the constitution of g 
preceding. Thus the results of the F, generation stow that ike 1 
generation reproduced the extremes of the parents with a tath . 
nite frequency center near each parent center. The grea aj ? 
tended toward the center of Hubrid 128, indicating dominance ot sus y 
bility. Similarly the F, and F, class frequencies indicate tiejons,^^ 

tional resistance of the F, and F, generations. Itach ® jna 
shows less variation than the one preceding, as t'^M'p^=iive class 

self-fertilized race when selected in the direction of the 
center. 
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T RLfi VII distribution Jot resistance to bunt in a cross between two varieties 

of wheat, one resistant, the other susceptible 



Table VIII gives the class frequencies of Turkey and Florence in respect 
to bunt resistance as well as those of the progeny obtained from a cross 
between them. An extra column, not given in Table VII, has been 
added to show the rows that were entirely without visible infection when 
harvested. 

It will be seen that the generation (the constitution of which is 
shown by the F3 class frequencies) shows transgressive inheritance, with 
the greatest frequency coinciding with the average resistance of the 
parents, if it be assumed that the 72 immune segregates varied in the 
intensity of their resistance in proportion to those in the direction of the 
suscepuble end of tlie table. Such an assumption seems warrantable 
fom me records of the and Fj generations, for they were more resis- 
^ than the parents, and only a trace of bunt appeared in each genera- 
lon m a few of the rows. The F5 generation shows that 19 out of 25 
hunt-free (immune), and their ancestry had been bunt-free 
haw + niade. Thus, for tliree generations these selections 

condir^^ produced a trace of bunt, altliough planted each year under 
witli maximum infection — that is, tlie seed was blackened 

Under parents produced an average of 3.5 and 7.1 per cent 

conditions, and other varieities, classed as susceptible 
as much as 80 per cent of bunt. 
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Tabi,K Vlll.—Frequency distrilmtion for resistance to bunt in a cross between i 
varieties of Triiicum vulgar e, both of which are resistant 



Year 

Bunt in patent . 

Variety. 

tested. 

row. 


1918 

Per cent. 

0 - 5 

Turkey 326 

1919 

. 6 . 


,1920 

a. 4 


1918 

.0 1 

Florence 634 — 

1919 

1 


1920 

8. 1 

326X634 Fg ! 

1918 

Not tested. 


1918 

1 1919 

do 

A I 

326X634 F* 

) - 

1 3-2 

326X634 F, 

X920 

cr 

0 0 0 0 



1 ;o 


Numbers falling into classes with averaec npro-n* 
bunt per TOW ol- 


29 


12 I 6 


^5 ^ 7J Sj 


321 


« This is evidently a mistake. The row next to it was immune, and it seems probable that the numbtrs 
got mixed at harvest time, for the three selections showed no trace of bunt the following year, 

In 1919 an Fj family of Hybrid 128 X Marquis was produced to test 
the inheritance of the resistance of Marquis to bunt. Information 
regarding the inheritance of Hybrid 128 had been obtained the year 
before from the Fj generation of the cross between this variety and 
Turkey. The question arose as to whether the seed should be planted 
in the fall or spring, one parent being a winter wheat the other a true 
spring variety. If fall-sown, much winterkilling would be expected, for 
Marquis is not very winter-hardy. If spring-sown the true wintw 
segregates would not produce heads and two-thirds of the otliers woiil 
be heterozygous for the winter factor and would produce some water 
plants and some that would develop late so as to interfere with harvesting 
operations. The former course was decided upon and the planting w 
done in October, 1918. The winter was unusually mild, and a goo 
stand was harvested the following summer. Every one . 

find all of the F, rows (334 number) very badly bunted. l ^ 
row in the lot was three-fourths smutted, and 276 of the rows p 
more than 90 per cent of bunt. The whole block of rows ^ 

a mass of stinking smut which gave off an offpsive odor that pen u 
to windward for half a mile. An examination of some dem 
plots in another field showed that the fall-sown Marquis was ^ 
smutty. This gave a clue as to why all of the Fj rows r. 

Marquis were badly bunted. The inherent resistance 01 4 

broken down by the winter rest period. . bavins tte 

One plant each from nine of the best rows— that is, tho 
least amount of bunt—and one from each of the four w 
selected for testing in the F* generation. Ihe Table IX. 

parents, the F,, F,, and these selections are summarizea m 
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g distribution of resistance to bunt in a cross between Hybrid 128 

and Marquis, both of which are susceptible when fall-sown 



flSwil from a different source, but since Marquis is a variety recently introduced and appears to be 
txinstaat tor all its characters, it is likely that there is no genetic difference in the resistance of these strains, 
lor seed from these same strains planted in the spring produced less than 5 per cent d bunt. 


The F4 generation shows an average of 19.9 per cent less bunt than 
the F3 parent rows, but this is undoubtedly due to seasonal fluctuations, 
for Hybrid 128 and Marquis showed similar differences in 1919 and 1920. 
A closer study of the F4's indicates that even in these extremely suscep- 
tible segregates there is a constant difference in their susceptibility 
comparable to the differences in the susceptibility of the parents. This 
is more clearly brought out by the following figmes : 


From 9 low selections 

From 4 high selections. . 
difference between high and low 


I Average percentage of 
bunt. 


Difference, 


1919 

igao 


80. 2 i 

62 . 2 

5 18. 0 

96. 8 

72.4 

! 24.4 

16. 6 j 

10. 2 

i 6 . 4 



the ^ ^ (between 75 and 84 per cent bunt) 5 produced 

4hi^irp percentage of the 13 rows in the generation. Out of the 

the h' h (between 94 and 99 per cent bunt) selected, one produced 
Drod/^ amount of bunt in the F4 generation, and two of the others 
that M average of all the F^’s in 1920. This indicates 

iaiieritpd^^^ j ^rries a weak factor or property for resistance that is 
kom th‘ affected by fall planting. If this be true, strains 

‘S cross could be selected that would show a consistent difference 
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of from 15 to 30 per cent when planted in the fall under conditions fav 
ing maximum infection. In 1919 Hybrid 128 produced 98 per cent* 
Marquis produced 75 per cent, and the F3 varied from 75 to 100 percent’ 
In 1920 the parent varieties produced 30.9 and 74.3 per cent respective! r 
an Kg progeny produced 56 per cent of bunt, and the selections vared 
from 46 to 85 per cent. Five plants, each selected from the lowest and 
highest row, produced an average of 78 and 91 per cent bunt in the 
Fg generation in 1921. These figures include only the rows that were 
planted together in the same part of the field, and on the same date 
There is much work to be done to establish the inheritance of the resist- 
ance of Marquis, especially the part played by the winter rest period 
the segregation of the units that are not so affected, and the complex 
of its resistance for spring planting. This is being done and will bs re- 
ported later. 

There remains one other cross to discuss, that of Fortyfold X Red 
Russian. The average susceptibility of the parent varieties and their 
Fj offspring in 1920 was 36.7, 49.3, and 37.5 per cent, respectively. The 
Fj segregates varied from 8.1 to 73.6 per cent. Reference to figure i 
shows the greatest class frequency of the 181 Fj rows to be between 30 
and 40 per cent, with rapidly diminishing class frequencies above and 
below. The most striking thing about this cross is that the average 01 
the Fj, generation is less than the average of the parents. The fact that 
the parents were duplicated so that there were nearly 200 plants counted 
precludes the possibility of a chance error. In the other four crosses 
charted in figure i the average of the parents lie beloAv the average 
susceptibility of their respective Fj’s, showing dominance of suscepti- 
bility. In this cross there seems to be a slight dominance of resistance, 
the parents producing on the average 5.6 per cent more bunt than the 
Fg progeny. 

The lower limit is decidedly lower than any recorded example of either 
parent under similar conditions. This shows that Fortyfold and Red 
Russian (which are known to be intermediate in respect to resistance 
of bunt, when compared with wheats like Turkey, Alaska, and Florence 
on the resistant side, and Hybrid 128 and Jones Winter Fife on the sus- 
ceptible side) possess different kinds of resistance which are ciimuiative 
in effect, when brought together by crossing. These resistances have 
a value somewhere between 10 and 20 per cent in reducing tlie amount 
of bunt that would be produced on the extremely susceptible varielit.- 
when planted under conditions favoring maximum infection. By cioss* 
ing them, segregates are obtained that are from 10 to 20 per cent more 
resistant than either parent. It is to be expected, and the evideine 
points to the probability, that segregates also occur which 
to 20 per cent more susceptible than either parent. The difficu } ^ 
isolating the susceptible segregates, on account of the fungus 
the reproductive organs, was pointed out in another place, T 
gable dilute or feeble resistance of Fortyfold shown here is in accor ^ 
that found in the cross between it and Turkey. The 
of Red Russian has not as yet been definitely corroborated m 
crosses. 

DISCUSSION AND CONCLUSIONS 

The investigation described in this paper forms a 
work of the Washington Experiment Station looking toward 
of methods for reducing the destructiveness of bunt or stinki g 
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t, t The particular phase treated is the development of a commer- 
desirable wheat which will not develop bunted heads even on a 
h^dlv infected soil. Emphasis has been placed on inheritance of bunt 
^'stance but the ultimate practical application of the principles in- 
Sved has been continually kept in mind. (PI. 3. B.) 

The first tests for resistance were made in 1914 when a few of the 
minon commercial varieties were tested for comparative resistance 
under conditions favoring maximum infection. During the next two 
rears while these and other varieties were being tested in greater detail, 
methods of infecting the seed, recording the data, and computing the 
resistance on a comparative quantitative basis were developed and stand- 
ardii^ed. In an endeavor to obtain the best possible material for the 
breeding work, more than 500 named varieties, from the principal wheat 
districts of the world, including representatives from the eight species, 
have been tested for resistance. 

Most of the varieties tested proved to be either very susceptible or lack- 
ing in winter hardiness. Thus the representatives of the four species, 
einkora, polish, spelt, and emmer, although all very resistant, were dis- 
carded because they were of no commercial value, either from the stand- 
point of yield or hardiness. One poulard (Alaska) was used as the male 
parent in several crosses, mainly because of its bunt-resisting qualities. 
One club (Hybrid 128) selected for two of the crosses described below 
because of its stiff straw, early maturity, and prolificacy, notwithstanding 
its malignant susceptibility to bunt. The other six varieties were selected 
for the breeding work from the vulgare group because they were common 
commercial varieties (with the exception of Florence, which was selected 
for its exceptional resistance) in the Northwest, and contained the 
greatest range of desirable characteristics, 

Alaska, Hybrid 128, Turkey, Fortyfold, Red Russian, and Jones’ Winter 
Fife have the winter habit of growth ; that is, they will not head out if 
planted in the spring, and are considered sufficiently winter hardy for fall 
sowing. This is of prime importance because the chief losses due to bunt 
occur in \vinter wheat. Marquis and Florence are spring wheats and are 
not considered sufficiently hardy for fall sovdng, but were such good milling 
wheats and so resistant to bunt that they were used for the additional pur- 
pose of studying the inheritance of winter hardiness. 

These eight varieties (PI. 2, B ; 3, A) have been grown as pure lines from 
individual plant selections for 6 to 15 years and from the first have bred 
true for their morphological characters and may be assumed to be con- 
sul, within the limits of soil and seasonal fluctuations, in their compara- 
tive resistance to bunt. 

Turkey is one of the most resistant of all the wheats tested, seldom 
producing above 5 per cent of bunted heads, even under the most favora- 
ble conditions for infection. From one-fourth to one-half of the plants 
|nay show infection, but only a few flowers, or at most only part of the 
€ads on an infected plant produce smut balls, the remainder producing 
iiormal wheat. The other resistant varieties, Alaska, Florence, and Mar- 
quis show similar characteristics in that only a small part of the flowers 
uu the infected plants are destroyed by the fungus. The two very sus- 
ep ble varieties, Hybird 128 and Winter Fife, on the other hand, do not 
y P^^fitice anything but smut balls on the infected plants, the 
that flowers or heads escaping being negligible compared with those 
Prodi?^^ fl^stroyed. ^ An occasional plant escapes infection altogether and 
ces normal grain; but once the parasite establishes itself within the 
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host, more than 8o per cent of the plants on the average produce on) 
fruiting bodies of the parasite, and the others produce less than 40 ^ 
cent of grain. Fortyfold and Red Russian, which are intermediat 
respect to total bunt produced, are also intermediate in respect to 
amount of wheat produced on the infected heads. 

The resistance of Turkey is different from that of Alaska, for segree 
of a cross betwen them occurred which were more resistant than 
parent, inasmuch as no trace of bunt could be obtained from tlie F T 
the F7 generation, although planted under conditions favoring maximii ^ 
infection — conditions tmder which both parents showed traces of bu^ 
on more than one-fourth of the plants. Such a result would be impossi 
unless the resistance of the two wheats were cumulative in effect each 
contributing something that the other lacked. For if the resistance were 
the same in both parents, the offspring would fluctuate around the same 
mean and no segregates would occur more resistant or more susceptible 
than the parents. If, however, the resistance of Turkey and Alaska were 
due to different causes, or perhaps the genes located in different chromo- 
somes, then the offspring would show greater variation tlian the parents 
and segregates would occur which would be permanently more suscep- 
tible than either as well as more resistant. If the resistance of each 
parent were composed of differing multiple factors, many new and differ- 
ent segregates would occur. Thus, if Turkey resistance abc met Alaska 
resistance xyz, and each factor reduced the amount of bunt by 20 per 
cent, a cross between them should give varients (assuming the suscep- 
tibility of the parents separately to be 5 per cent) in the F, generation 
that would produce bunt as follows: 


Number of 
resistant fac- 
tors. 

Bunt pro- 
duced. 

Clas^fication. 

Number of 
resistant fac- 
tors. 

Blunt pro- 
duct. 

Ckssi6caticn. 

0 

Per cent. 

6S 

45 

2^ 

Nonresistant. 

3 

Per cent. 

5 

•— 0 

1 Very resistant. 
Immune. 

I 

Slightly resistant. 
Somewhat resist- i 

4 . 

2 

j 5 

-35 0 
-55 0 

Do. 



aiit. [ 

i 6 1 

Do. 


Unfortunately the large number of sterile plants and flowers producejl 
by crossing Turkey and Alaska, combined with the lack of winter hardi- 
ness, reduced the number of plants to such a degree that an accurate 
analysis of the particular type of .segregation that occurred was 
impossible. 

Florence is a very resistant spring wheat, but its resistance is also 
different from that of Turkey, for transgressive inheritance occurred in a 
cross between them, Fg segregates occurring all the way from completely 
immune to completely susceptible individuals, not unlike the illustratiott 
given above. More ihoxi 40 per cent were immune, while the plants m 
12 rows (7 per cent of the Fg progeny) were more than 50 per cent bunt, a 
amount never produced by either parent under the most favorable co 
ditions for infection. Something like 30 per cent of the rows were m 
mediate, producing from 10 to 50 per cent of bunted heads. 

It is not too much to suppose that the 72 immune rows diiTerea 
intensity of their resistance, but there is no way of proving it 
the slow, laborious process of crossing them with susceptible va 
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d testing the comparative resistance of their descendants. The inter- 
mediate and susceptible segregates indicate multiple factors for resistance 
. both Turkey and Florence, the loss of which renders a given hybrid 
nffspring in a later generation a congenial host for the parasite. Such 
factors added together are cumulative in effect, making the segregate 
possessing them immune against all attempts of the organism to set up 

a pathogenic relationship. 

portyfold has a dilute or weak resistance that is evidently different 
from that of any of the resistant elements of Turkey, for in the Fg genera- 
tion of Fortyfold X Turkey five out of 593 Fg families occurred that were 
distinctly more resistant than Turkey, and many occurred more suscep- 
tible than Fortyfold. This dilute resistance of Fortyfold showed a value 
of approximately 5 per cent in 1920 when added to the resistance of 
Turkey in the very resistant Fg families, but in the absence of it and also 
the Turkey resistance, the segregates increased 15 to 20 per cent in the 
amount of bunt produced. High and low selections are being tested in 
the F^ generation in 1921 to determine the correctness of these assump- 
tions, for die data from the Fg progeny are not as conclusive as one would 
like to have in a characteristic which shows such wide fluctuations as 
bunt resistance. 

Hybrid 128 has no heritable resistance distinct from that of Turkey or 
Marquis, for the F, progeny of crosses with them did not give variations 
exceeding the extremes of the parent types. The intermediates in the F, 
generation of Turkey X Hybrid 128 indicated that the resistance of 
Turkey was made up of multiple factors, which, when separated, gave 
dilute resistances. The 334 Fg families of Hybrid 128 X Marquis were all 
very smutty, none having less than 70 per cent of bunt. In the F^ 
generation, however, the high selections gave 10 per cent more bunt than 
the low ones, which indicates a dilute resistance, probably of Marquis, 
that is not affected by the winter weather. Marquis is very resistant when 
spring sown, but this resistance is mostly destroyed or neutralized by the 
winter rest period when fall sown. 

The resistance of Red Russian is not well established in the cross with 
Turkey on account of the small numbers and the unfavorable season in 
which it was tested, but in so far as the F* selections tell anything they 
indicate that any resistance it may possess is not different from that of 
Turkey, for none of the segregates were more resistant than Turkey, and 
the most susceptible did not surpass Red Russian in amount of bunt 
produced. The cross between Fortyfold and Red Russian, however, 
prove that the latter has a definite heritable resistance which, added to 
the unlike resistance of Fortyfold, produces segregates much more 
resistant than either parent. That is, the two weak resistances when 
rought together have the effect of a strong resistance comparable to 
, at of Turkey or Alaska. The feeble or we& resistance of Fortyfold is 
accord with that found in the cross between it and Turkey. The 
f^ble resistance of Red Russian has not as yet been corrobo- 
p otter crosses in sufficient detail to warrant discussion. 

evidence, based on seven years' work with bunt 
inher>^^^ wheat, and with special reference to eight varieties, and the 
resistance in the progeny of crosses between them, the 
conclusions may be summarized as follows : 

®axim susceptible wheats, planted under conditions favoring 
um infection, produce an average of about 80 per cent of bunted 
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heads. Hybrid 128 and Jones Winter Fife belong to this class. Alth 
they produce 20 per cent of sound heads, this seems to be due to accid*^^^ 
for in crosses with other varieties the descendants do not show 
of having inherited any cumulative resistance whatever from ^ 
varieties. 


Fortyfold, Red Russian, and Marquis each have differing dilute res 
ances which reduce the amount of bunt by 10 to 25 per cent, 
added together, as in descendants of crosses between them, the cumur 
tive effect makes a more concentrated resistance, having a value of fro^' 
30 to 60 per cent. In addition to the dilute resistance, Marquis has^ 
strong winter-sensitive resistance with a value of 50 to 60 per cent 
spring-sown grain which is ineffective in preventing bunt when the seed 
is fall sown. That is, if Marquis is sown in the fall, only the dilute 
resistance is operative, for it produces but 10 to 20 per cent less bunt than 
the most susceptible varieties ; if sown in the spring, the strong winter- 
sensitive factor becomes functional, and the resulting crop produces 60 
to 75 per cent less bunt than the completely susceptible varieties. There 
is some evidence that all the different resistances are somewhat winter- 
sensitive, for the facultative wheats (those that may be sown either in 
the fall or in the spring, being true spring wheats but fairly winter hardy) 
are known to produce more bunt from fall seedings. Florence also regis- 
ters a higher degree of bunted heads in the fall-sown tests. 

Turkey, Florence, and Alaska each have differing concentrated 
resistances which reduce the amount of bunt 70 to 75 per cent, compared 
with the standard susceptible varieties. These concentrated resistances 
are also cumulative in effect when brought together by crossing, the 
resulting descendants segregating into immune, very resistant, various 
stages of dilute resistant, and completely susceptible classes. 
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PLATE I 


A. — Result of a smut explosion. Machine of W. J. Grier, near Colfax, Wash., a few 
hours after the explosion, Aupst 12, 1915. By hard fighting the sacked grain on the 
right was saved , but the m achme and straw stack were burned . Hundreds of thrashing 
outfits and thousands of bushels of wheat have been destroyed in the Pacific North- 
west due to fires following explosions of smut dust (btmt spores), which bum like 
powder. 

B. — Morphological effect of bunt on wheat heads. The three on the left are Alaska, 
the others Fortyfold. Heads of each variety from left to right contain normal seed, 
both normal seed and smut balls, and only smut balls. In Alaska the parasite causes 
the awns to fall but dwmfs the head instead of stimulating increased length as in 
Turkey and Hybrid 128, (^e PI. 2 , A. ) The head length of Fortyfold is not affected, 
but the spikelets on the i^ected heads stand out more nearly at right angles to the 
rachis. 

(480) 



Plate ! 







PLATE 3 


A -Morpholo^ca! effect of bunt on wheat heads. The three on the left are Turkey 
the others Hybrid 128. First head on the left, normal grain; second head, half wheat 
and half bunt; third, all bunt. The bunted heads are much elongated as if trying to 
grow away from the fungus. In Turkey the awns fall ofif prematurely on the bUnted 
heads. 'Ihe bunted head of Hybrid ia 3 on the extreme right looks like a vukare 
instead of a conipactum . * 

B.->Parent variedes resUtant to bunt. From left to right, Turkey, Florence 
Marquis, Alaska. Turkey and Alaska are true winter wheats and can not be used for 
^rmg sowing, Florence and Marquis are typicdl spring wheats. Marquis and 
Turkey are the most popular vaneties m the United States and Canada, measured 
by the quantity produced. Both are excellent breadmaking wheats. 



PLATE 3 

— Parent varieties susceptible to btmt. From left to right, Fortyfold, Joejj 
W inter Fife, Red Russian, Hybrid 128. Jones Winter Fife and Hybrid 128 are about 
20 per cent more susceptible than the other two. All are true winter wheats of com- 
mercial importance in file Northwest. Fortyfold and Hybrid 128 have white grain, 

Two hybrid (Fj) types with commercial possibilities. Left, the morphological 

characters of the Hybrid 128 parent are combined with the resistance of Turkey. Oi 
the right the Florence head type is combined with the winter hardiness of Turkey. 
It has been immune to bnnt for three years. Both selections outyielded the parents 
in 1919 and 1920. 








A bacterial leaespot of tobacco* 

By James Johnson 

. ■ ^ Professor of Horticulture , University of Wisconsin, and Agent, 

Office of Tobacco Investigations, Bureau of Plant Industry, United States 
Dipartment of Agriculture 

INTRODUCTION 

During the past five years a bacterial leafspot of tobacco occuring in 
Wisconsin has been the subject of investigation together with observa- 
tions on tobacco leafspots in general in various tobacco districts of the 
United States. The tobacco leaf is subject to an exceptionally large 
number of diseases, originating from a variety of causes, in some cases 
with distinctive and constant symptoms, but more often confusing when 
anv determination or classification based on symptoms is attempted. 
This confusion is in some respects magnified by the fragmentary early 
literature and is due largely to common names having been applied 
without adequate consideration as to the causal agents of the diseases. 
Recently two or three leaf diseases have been described, however, in 
sufficient detail to permit of definite reference. It is the purpose of this 
paper to contribute to the knowledge of one other such disease. 

CAUSE 

This disease, which is not believed to be new to tobacco growers in 
Wisconsin, has been found to be due to a bacterial organism apparently 
premously undescribed. The causal organism has been named Bacterium 
melleum, n. sp., and a description of the organism and the symptoms of 
the disease it causes is given in this paper. 


COMMON NAMES 


The leafspot to be described here is ordinarily called “rust” by Wis- 
consin tobacco growers. This name, which is not a good one from a 
phytopathological standpoint, is in fact in use throughout most of the 
tobacco districts of the world, for a variety of leaf diseases of tobacco, 
and IS, therefore, a very unreliable term. The term “rust” is frequently 
^ of such combinations as “red,” “brown,” “white,” 

rust;” but these again are of little significance when applied 
y 1 erent individuals and have little definite relation to the causal 
terms such as “firing,” “black fire,” field fire,” 
4 speck,” and “frogeye” are terms which have been coiii- 
witli “rust,” though the term “frogeye” 
S^irerally limited to the disease caused by Cercospora nicoiianae 
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El. and Ev. and more recently “wildfire” has become the accepted com 
mon name for the disease caused by Bacterium iabacum Wolf and Foster' 
The leafspot diseases of tobacco naturally fall into three disease 
categories, as regards cause, namely, (i) those due to nonparasitie 
agents, (2) those due to fungi, and (3) those due to bacteria. It is 
able that additional terms should not be added to the list of common 
names until a satisfactory basis of classification based on these categories 
is established. However, we have come to refer in the laboratory to the 
disease herein described as the “Wisconsin bacterial leafspot” disease 
and this term may tentatively be preferable to the commonly used term 
“rust ” 

OTHER BACTERIAL LEAFSPOTS 


Although it is only within recent years that certain leafspots of tobacco 
have been definitely shown to be of bacterial origin, it is fairly certain 
that one or more have existed from the earliest days of tobacco culture 
in this country. The earliest treatises on tobacco culture refer to “rust” 
and “firing,” although in most cases it would be difficult to judge the 
nature of the causative agent from the descriptions of these diseases. 
Killebrew and Myrick { 6 ) ^ for instance, wrote as follows— 

another field fire, called “black fire,” which is totally different from the red field 
fire, is caused by excessive humidity and occurs only ^ter continued rains of several 
days’ duration with hot w'eather. This black fire is much more to be dreaded than 
the brown rust or red field fire, for it attacks the plants w^hile immature, involving 
all the leaves, ^metimes the disease will spread over a field in two or three da}! 
and ruin the crop, making black deadened spots as large as a silver dollar, but this 
rarely happens. 


This disease was undoubtedly parasitic in nature, especially in view of 
the fact that these experienced observers separated it from other symp- 
toms probably of nonparasitic origin. It is also quite likely that this 
disease was one of the two tobacco leafspot diseases recently shown to 
be of bacterial origin in this country. 

Similarly the disease described in this paper as “ Wisconsin leafspot 
has probably existed in Wisconsin for 50 years or more along with ether 
leafspots under the name of “rust,” but now referred to by some ol the 
older growers as “ old-fashioned rust,” on account of the fact that it has 
not been as prevalent in recent years as in the earlier days of Uic industry 

in this State. , . u 

Apparently the first leafspot disease of tobacco attributed to bactena 
was that of “la rouille blanche” (white rust) of France, aserne 
Delacroix (z) in IQ05 to Bacillus maculicola. The description ot 
disease is not sufficient to afford adequate comparison with our 
leafspots, but in any case die description given indicates that it is a 
from the Wisconsin bacterial leafspot. Homng (4) in 19 H ■ j 

rust occurring in Deli (Sumatra) which he showed to be due to a 
organism which he named Bacterium peudozoogloeae. ^ „ -y, 

was also known as “ black rust,” although it evidently was no . 
fire” disease of America, since neither the^ description 0 
organism nor that of the symptoms of the disease . of the 

of wildfire. Honing’s disease corresponds more closely . ^ey 
Wisconsin leafspot, although, as will be shown by later coi p 
differ in several respects. 


‘Reference is made by number (italic) to “ Literature cited.” p. +9»-493- 
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Wolf and Foster (7) in 1917 described the wildfire disease as it occurred 
in North Carolina and Virginia, following an unusually severe outbreak 
and proved the causal organism to be a bacterium, which they named 
Baderiu^ tabacum. This disease apparently has since spread to most of 
the other tobacco districts in the United States, seemingly from the North 
Carolina epidemic of 1917 as a center of infection. This disease is not 
rTadily distinguished from the Wisconsin leafspot in general symptoms, 
altho^h the chlorotic area around the point of infection is usually larger 
and more common than in the Wisconsin leafspot. The wildfire organism 
j5 also a much more vigorous parasite than the Wisconsin leafspot 
oraanism, and the disease may consequently be much more prevalent 
and serious where it occurs. Fromme and Murray (5) investigated a 
leafspot disease in Virginia, which had apparently also existed for a 
considerable time in that State, and found it to be due to a bacterium 
which they named Bacterium angulatum. This disease has been named 
by th:m “angular leafspot" on account of the angular shape of the 
lesions. It cannot be readily confused with other bacterial leafspots 
but may be difficult to distinguish at times from certain nonparasitic 
spots when judged by symptoms alone. 

DESCRIPTION OF THE DISEASE 


The Wisconsin bacterial leafspot has been found ordinarily on the 
lower leaves of the plants in the field. Usually it is most marked on 
the lowest leaves but has been observed during this investigation up 
to the middle leaves. In severe outbreaks, not seen since the beginning 
of this study but earlier noted and referred to by others as " old-fashioned 
rust, “ the leaves on the entire plant may be involved. That the disease 
may occur on young leaves is evidenced, however, by the observation 
of several infections in seed beds from which the causal organism has 
been isolated. The older leaves are seemingly more predisposed to a 
rapid collapse and death, and finally, browning of the tissue when once 
infected, but when artificially inoculated by needle punctures the top 
leaves show equal predisposition to infection, and the development of 
the chlorotic area surrounding the point of infection is even more marked 
than on lower leaves. The common occurrence of the disease on the 
ouer leaves in the field is due quite likely to the more favorable environ- 
offered there for infection and progress of the disease, 
e dise^e in the seed beds ordinarily is inconspicuous and not as 
}pica as in the field. The spots are usually small and more angular 
ui the field and the chlorotic area less distinct (PI. 2, A). The old 
Mons are usually small and light-colored, but when they run together 
In present the appearance of being blighted, 

small young spots are usually round, frequently with a 

tical \v\ih fvT f r surrounded by a distinct chlorotic area or halo, iden- 
mav not the wildfire disease. Under other conditions this halo 

the noitif disappear rapidly, the tissue surrounding 

i^^tion collapsing and soon turning brown in color, in 
die rnay or may not be limited 

die vein tuin? ^ ^ times the infected area seems to pass over 

may enter +I1 to it. At other times, however, the parasite 

diameter of tl? follow it, producing an elongated lesion. The 

Coalescing ^ R^ore, frequently 

ence involving large areas of the leaf. The old lesions 
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are usually distinctly brown in color, sometimes brownish white f 
quently with a dark center giving a “ birds~eye” appearance. Concenr * 
rings, usually are not present, though apparently they may ocenr rS 
1. A 'R\. 


An interesting symptom frequently evident in the greenhouse aft 
artificial infection is the formation of a secondary ring of small lesioiis^^ 
or 3 mm. beyond the circumference of the primary lesion. This riii» 
often perfect in shape, seems to follow as a result of renewed activity bv 
the parasite about primary lesion following a checking of the disease 
The chlorotic area surrounding the center of infection has been foun(i 
to be relatively free of organisms, as was found by Miss Elliott (^1 in ttp 
halo-blight of oats. 


PREVATENCH OF THE DISEASE 

The causal organism of the Wisconsin leafspot disease was first isolated 
in the spring of 1917. On account of the similarity of other leafspob 
nothing conclusive can be said as to the prevalence of the disease prior 
to that time, although the writer feels confident that within 20 years of 
casual observation previous to 1917 he has seen a number of more serious 
cases of the disease than have been noted since. This belief is strengthened 
by the testimony of a number of the older tobacco growers in the State, 
who recall complete losses of portions of crops from “rust,'’ which, from 
our subsequent observations on nonparasitic leafspots, are not believed 
to develop to such an extent on the type of tobacco grown in this Stale, 
with the possible exception of the “rust” following mosaic. “Rust’ 
following as a result of mosaic is not, however, ordinarily limited to siicli 
an extent by the topography of tlie land and the opportunity for infeciion 
as is the bacterial leafspot. Since 1917 a number of mild occurrences 
of the disease have been seen within a 25-mile radius of Madison, and in 
most cases have been identified by isolation of the causal organism and 
inoculation experiments. Search has been made for this disease in a niim- 
ber of other tobacco districts, mostly in Kentucky, Maryland, Pennsyl- 
vania, and in the Connecticut Valley. Only one specimen has beep 
collected which can with certainty be said to be the same disease, and tliis 
was from Kentucky in 1919. One collection from Connecticut in Jnl}, 
1919, proved to be the “wildfire” disease, and was the first record oi 
that disease in the Connecticut Valley. Similarly, collections made m 
1920 from Maryland, Kentucky, and Ohio proved to be wildfire, 

ISOEATIONS 

The first isolation of the Wisconsin leafspot organism was made 
June, 1917, from the seed beds at the experiment station at 
At about the same time specimens of a leafspot on tobacco seedlings 
fire) were received from Mr. E. G. Moss, in charge of the branch O a 
station, Oxford, N. C. This disease was at first thought to be due 
fungus, and preliminary isolation and infection experiments ^^eie c ^ 
ducted from this standpoint with negative results, pr. 

after isolated and infection secured. Word was then receive . 
Frederick A. Wolf, of the North Carolina Station who was a 

the same disease, had established the bacterial relationship, no 
few days before our own conclusion had been reached. ^ . 

later the writer visited the North Carolina section and baa 
t unity of noting a second serious outbreak of the disease in 
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On his return to Wisconsin similar leafspots were noted, among them 
certain spots on a row of a southern type of tobacco in the experimental 
lots at Madison, though not occurring nearly as seriously as in the 
gelds seen in North Carolina. The records show that two of the isola- 
tions from this row gave white organisms, one of which was infectious. 
Unfortunately this culture died before a defiled study could be made of 
jt^ so that we are not at all certain that it was the wildfire organism. 
Xhe writer's earlier isolation from the seed bed leafspots and later isola- 
tions from the field yielded, however, only yellow infectious organisms. 
No white organism has since been isolated except following known 
cases of inoculation with the wildfire organism. It is felt that this 
explanation should be made here in view of a statement made by Wolf 
and Foster (7) as a result of correspondence, to the effect that wildfire 
occurred in Wisconsin in 1917. While the “similar spot" referred to 
has developed to be what we now call the “Wisconsin leafspot," there 
is still some probability that we did have one case of wildfire on a row of 
soutliem tobacco in 1917, and if so, it seems likely that it was the result 
of seed-borne infection. In any case wildfire can not be said to have 
occurred in Wisconsin in 19 1 7 in the sense that it has since been reported 
from other States, nor was it introduced in that manner until 1922. 

During the last five years a large number of isolation tests have been 
made from various sorts of leafspots of tobacco. Wherever fairly fresh 
and young spots of the wildfire disease or the Wisconsin leafspot have 
been plated out, no difficulty has been encountered in getting pure cul- 
tures at once, so that the distinction between these two diseases has been 
readily established. The method employed has been simply to select a 
young lesion, cut it out with a scalpel, and rinse it through 8 to 10 sterile 
water blanks with vigorous shaking. It was then transferred to a tube 
of bouillon, mashed with a sterile scalpel or rod on the side of the tube, 
rinsed into the bouillon and allowed to stand 15 to 30 minutes. One to 
six loopfuls of the bouillon werethen transferred to melted potato agar 
at about 45° C. and plates poured. Cultures were usually kept in stock 
on potato-dextrose agar in the ice box. Twelve different isolations of 
tlie Wisconsin leafspot organisms have been made over a period of five 
years. Practically all the cultural character studies were made with one 
organism (culture No. 141), and where this culture was not used we have 
uiavje sure that we have used a pathogenic organism corresponding in 
ordinary cultural characteristics. 


INOCULATION EXPERIMENT 

A very considerable number of inoculation experiments have been 
c^i^^iectioii with demonstrating the pathogenicity of the organism 
DerinHc’ Strains following growth in culture for different 

oarlir'i i 1 M j with other bacterial leafspots of tobacco, 

mociihfr . Repeated trials have also been made comparing 

envirrmrn ^ ^ aiid by needle puncture, under very variable 

is al\va\^<;^^ ^ conditions. It has been found that, while good infection 
consin wounded leaves with a virulent strain of the Wis- 

secured organism, practically no infection at all has ever been 

'Q water ^ ^ spraying the plants vrith a suspension of the organism 

certainty the relation of normal field 
unded tissue. He has not been able to find from obscrva- 
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tion that wounding by insects or other means has played any part ' 
infection. It seemed rather that infection in the field was depend 
upon the occurrence of favorable environmental conditions. 
attempt to duplicate such conditions experimentally has thus far 
negative results. The writer has as yet, however, done nothing as reS? 
the intrinsic predisposition of the plant itself to infection, and it is n ! 
improbable that the host grown under different conditions as reearfi 
chemical and physical relationships may be considerably altered thcreh^ 
as regards predispostion. This belief is strengthened by the fact that 
similar experience has been had with frequent attempts at securin? mod 
infection with the wildfire organism by spraying under greenhouse 
conditions, while with this organism we know that under other conditions 
good infection may be secured in this manner. 

The method of inoculation by wounding has been essentially that of 
puncturing the leaf with a needle point which has been dipped in a 
suspension of the organism in water and permitting a small droplet of 
the watery suspension to cover the wound. In this manner, when a 
virulent strmn of Wisconsin leaf spot organism is used, infection is 
secured in two to five days, and symptoms develop which compare 
favorably with those from Bacterium tabacum in size of chlorotic area or 
lesions obtained (PI. 2, B). On the other hand, it is certain that under 
field conditions the Wisconsin leafspot organism is not as virulent as the 
wildfire organism, and that the former can be pathogenic only under 
more limited conditions than is the latter. Under field conditions the 
chlorotic area or halo formed by the Wisconsin leafspot organism is not 
normally as marked as that of wildfire (PI. i, A) and frequently may 
not occur at all (PI. 3, A) on older leaves, where conditions arc seemingly 
more favorable for a rapid collapse of the leaf tissue than is the case on 
the younger leaves. 

Considerable uncertainty has been experienced throughout the process 
of this investigation as to the continued pathogenicity of the organisms 
carried in culture on potato-dextrose agar, and as a result frequent 
inoculations have been made to test this point with various cultures. 
In large measure, the same has been true of the wildfire organisms carried 
along simultaneously. 

A large number of subcultures have died, lost their pathogenicity 
completely, or in considerable part (PI. 2, B). 

This has been due apparently in most cases to an unfavorable cultural 
medium, although in many cases this occurred on potato-dextrose agar 
made according to the same formula as other batches in which organisms 
have been kept alive and virulent through transfers kept in the refriger- 
ator for three years or more. , . 

A limited number of inoculations have been made upon other no 
plants aside from ordinary tobacco {Nicoiiana tabacum). Infection ^ 
been secured upon various other species of Nicotiana, especia y 
glauca and N. rusticat and also upon the tomato, together wi 1 
indication of infection upon certdn cereals. 


CULTURAL CHARACTERS 

Morphology.— The organism Is a short niotile 
ends, occurring singly, in paire, or occassionally in short g 
urements under various conditions have ranged from 0^5 ^ j,3, 

in width by i to 2.4 microns in length, averaging about 



Ffb. 10. 


A Bacterial Leajspot of Tobacco 


487 


Stained by the Caesar-Gil and modified Pittfield methods for flagella 
from 24-hour-old cultures, the organism shows from one to several 
polar flagella, usually two or three, but as many as seven have been 
counted. The flagella are ordinarily from three t»five times as long 
as the organism itself. The organism has been stained with carbol 
fuchsin, methylene blue, and anilin gentian violet. No spores or involu- 
tion forms have been observed. Capsules are formed. Pseudozoogloeae 
are apparently absent. It is Gram-negative and is not acid-fast, 
PotATO-DExTROS^ AGAR.— Most of the cultural work has been done on 
potato-dextrose agar, as this had been found to be most useful for rapid 
comparative purposes on account of the color imparted to the agar 
Colonies in ag^ plates are first visible in about 36 hours at about 22° to 
26° C, increasing to 3 to 5 mm. in diameter in six days. Colonies are 
at first grayish white, chan^ng on most media on about the third day to 
a distinct yellow, after which a transparent light yellow tinge develops 
in the potato agar. The colonies are round, shining, convex, and yellow 
with opaque centers. The submerged colonies are lenticular. On agar 
slants a distinct growth may appear along the line of inoculation in 24 
hours, and this broadens gradually at the base, becoming echinulate 
(PI. 4 A). The growth becomes fairly heavy in 3 to 5 days but rarely 
covers the slant, usually developing a fairly deep orange color. Certain 
potato-dextrose agar media will color up in a few days, but ordinarily 
more gradual coloration occurs, the media becoming usually a bright 
honey yellow, which may extend to a depth of 2 inches or more from the 
growth down into the tube. Where the pigment is rapidly absorbed by 
the agar, the growth does not take on a deep color. Most of the yellow 
bactenal plant pathogenes known to science have been cultivated 
simultaneously, but with none has this charactristic of yellowing potato- 
dextrose agar been nearly as distinct, and with the majority se^ngly 
It does not occur. The pigment on potato-dextrose agar is soluble in 
water, sulphurous acid, ammonia, methyl and etbyl alcohols, and hydro- 
gen p™id It IS apparently destroyed by hydrochloric add, toluldie 
1 ^“ disulphid. Its production is slowed up mark- 
te 1 iJ" ^ 33 ° it is normal. Light apparently 

S production. Its intensity varies considSably on 

reaction of tte meir’ differences in 

liquefied in thickly sown plates, usually 
(assumf a statifom ' stabs liquefaction usuaUy begins in 48 hours 
-■ompletion, require two to three weeks for 

>e?Cbrott « beef- 

shakimr ih ^ moderate flaky sediment. On 

l'»udinAes s^pension. 

“dace membSn^ « appreciably increase after 3 days. A very thin 
“ristic is not ir^k^^^ formed, after several days, but this charac- 

.growth in 48 hours, of brownish yellow 
‘'°ag line of strearanll^a mcreasing yellowing of organism 

conver«;mn of medium. Tests with iodin indicate 

'hole is feeble a. „ starch to amylodextrin, but diastatic action on the 
“eoie as compared with Bacterium campestre. 
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Litmus milk. — The color becomes more intense on the second dav 
with the formation of a thin blue layer in the upper portion of the 
medium which disap^ars about the third day, ^ After 4 days the casda 
is precipitated, anc^ in 6 more days the clearing has proceeded two, 
thirds of the way down the tube. The liquid is dark green on top 
and shades down to a tan just above the casein. The medium on Ion* 
standing finally becomes a deep blue-green. 

Cohn’s solution, — Marked clouding occurs in 2 days or less, fol. 
lowed in about 4 days by the appearance of a heavy white crystalline 
membrane on the surface and a faint greenish tinge below it. On long 
standing the medium becomes light yellow in color and contains a 
flocculent precipitate, 

Fkrmi’s solution.— Clouding becomes very marked dter 2 days. 
After about 8 days the medium takes on a light greenish tinge, but this 
is not as marked as with Bacterium tabacum. After about 10 days or 
more a fairly heavy membrane is formed and the sediment increases. 
On longer standing the medium turns to an intense honey-yellow color, 
Beef agar stroke.— On beef agar slants growth is distinct in 24 
hours, grayish white in color, turning finally to a deeper yellow. Growth 
less profuse than on potato agar and no coloring of medium evident. 

Loeffler’s blood serum.— Growth grayish yellow, spreading, re- 
sulting in gradual liquefaction of medium. 

Nitrate in nitrate broth.— There was no reduction of nitrates in 


nitrate peptone broth. 

Indol, ammonia, and hydrogen sulphid.— N egative tests for all by 

usual methods. 1 ^ 

Fermentation tests. — From a 2 per cent Difco peptone solution five 
different carbon media were made by adding i per cent of the following; 
Saccharose, dextrose, lactose, glycerine, and dextrin. In fermentation 
tubes no gas was formed with any of these compounds. Distinct cloud- 
ing appeared in the open arms in 48 hours. In the case of saccharose and 
dextrose slow clouding also appeared in the closed arms. No acid was 


produced in any of the tubes. 

Litmus sugar agars.— Tests vnth lactose, glycerine, saccharose, 
dextrose, dextrin, agars showed no formation of acid in any case^ 

Toleration of acids and sodium chlorid.— No growth was oMamw 
in tubes of neutral beef-peptone broth to which 0.3 per cent ol mate, 
citric, or tartaric acid had been added (Pr values 3.6 to 4-o)- 
tration of 0.2 per cent of malic and tartaric limited growth but 0.2 emw 
did not. Two to 3 per cent sodium chlorid limited growth m 
and 4 per cent inhibited growth entirely. . 

Optimum reaction and toleration limits.— The be g 
beef-peptone broth was secured at -h 10 to + 15 ® no 

maximum for growth lies apparently close to + 20, + 22 g 
growth. While good growth was secured m some i^istarices 
I20 it is not believed that these results are significant, since m ^ 
after adjustment and standing for some time usually ros 


. fli I'n rulturp 

Temperature relations.— The optimum for growth 
close to 26° to 28° C. No growth was secured at 35 to 3 
70 to 9°. The thermal death point found by subjecting tresn^v 
tubes of boullion to different temperatures for 10 minutes 


be about 57®. 
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RUSISTANCB TO DESICCATION.— The organism dried on cover slips in 
sterile Petri dishes did not lose its power of growth until after 14 days 

rewIION to oxygen.— No growth in atmosphere freed from oxygen 
by pyrogallol-KOH method. Some growth in closei^arm of fermenta- 
tioii tubes with saccarose and dextrose. 

Hpfect OF sunught.— Fifteen minutes' exposure of plates on ice to 
sunlight killed a few organisms, and practically all were killed on "lo to 
60 minutes' exposure. 

Vitality and virulence;.— The organism can be kept in culture and 
maintain its virulence for at least three years. It may lose its virulence 
hovvever, upon certain media while still giving normal growth in culture 
or it may die out rapidly on presumably favorable cultural media for 
reasons not definitely understood. 

Group NUMBER.— 221.3333633. Thtnarat Bacterium melkum n sp 
is suggested for this organism, basing the specific name on the honevliS 
color imparted to potato dextrose agar. ^ 

TECHNICAL DESCRIPTION 


Bacterium melleum, n. sp.^ 

A short rod with rounded ends, occurring singly, in pairs, or in chains AveraP^ 
size.0.6 by 1.8 microns. Motile byatuftofpolarflagellaiisiiallytwoto threein number 
but ranging from one to seven, and three to five times as long as the body of the oreanism’ 
ho spores or involution forms have been observed. Capsules are present It is Gram' 
aeptive and not aciddast. The organism is pale or orange yellow on most media' 
parumlatly on potato-dextrose agar, to which it imparts ahoneylike pigment Growth 
m potatoe agar stroke is abundant, echinulate, raised, glistening, skmth, and viscid 
agar colonies grow rapidly, are circular, smooth, and convex. On nutrient broth to 
surface growth is slight or none, clouding strong, and sediment somewhat flaky more 
wrphous, Mid moderate in amount. In gelatin stabs growth is best at top with 
h3 leLction, banning in 3 days and complete in about 20 days. The coagulaGon S 

COMPARISON WITH OTHER BACTERIAI, LEAFSPOTS OF TOBACCO 

wlscomi'n^^ description of tiie causai organism that the 
can tobacer ws ‘t '' previousiy described Ameri- 

nost sWkLg dffff "o'dfire and anguiar ieafspot. The 

“ 'vMteiUoth of thrift the pathogenes, which 
4s far as s letter diseases but yeliow in the Wisconsin ieaf- 
"th wrtaintv themseives are concerned, one couid not 

the former between wiidfire and Wisconsin ieafspot, 

conditionrusulk^*’ destructive and widespread and under 
Wisconsin the most marked chiorotic haio. 

Sumatran '''^adiiy distinguishable from 

^'«dmensofa,f d?eLenorth^ ^ Neither 

Honinr's descritf- otgamsm have been seen. There- 

^.__^ ^escnption offers the onl y basis for comparison. 

I.V.* Smiety of Eactcrioloeists llie combination would be 
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The illustration of black rust by Honing shows some resemblance t 
Wisconsin leafspot, but the disease does not seem to be identical with 
the latter. The chief points of difference between the two causal organ, 
isms may be sumi^rized as follows : 


Bacterium pseudozoogheae (Honing) 

1. Produces "black rust." 

2. Apparently no chlorotic halo. 

3. Produces lesions with concentric 

rings. 

4. Size generally 1.5 microns by 0.7 to i 

micron. 

5. I to 2 polar flagella. 

6. Color usually yellowish gray. 

7. Gelatin stab papillate; liquefaction 

napiform to saccate. 

8. Milk coagulum not peptonized. 

9. Litmus milk rendered acid. 

10. Acid with dextrose, lactose, and 

saccharose broth. 

11. Fluorescence yellowish green (in 

gelatin). 


Bacterium melleum, n. sp, 

1. Produces " brown rust. ” 

2. Chlorotic halo frequently present 

3. Lesions usually not coiicentricallv 

ringed. 

4. Generally 1.8 microns by 0,6 micron 

5. I to 7 polar flagella, 

6. Color usually orange yellow. 

7. Gelatin stab filiform; liquefaction 

stratiform. 

8. Milk coagulum peptonized. 

9. Litmus milk rendered alkaline, 

10. No acid with dextrose, lactose, and 

saccharose broth. 

1 1 . Fluorescence honey-yellow on potato- 

dextrose agar. 


From this comparison it may be seen that the differences are decided 
in many instances and that the likelihood of the Sumatran and Americati 
leafspot being identical is very remote. 

PRACTICAL CONSIDERATIONS 


The Wisconsin bacterial leafspot or “rust” no doubt occurs annually 
in this State, or at least it has been found for the last five years without 
much difficulty, although not to such an extent as to cause much con- 
cern. As already stated, however, it is quite certain that in years past 
it has been the cause of considerable losses and the object of demand 
for control measures. This belief is strengthened by the wTiter’s recent 
studies of nonparasitic spotting of tobacco, whicli might otherwise haw 
been confused with the bacterial leafrust. The causal organism is 
believed to be a vigorous parasite, and special conditions ^ nece^ 
for infection without wounding. Aside from a penod of rainy or Mm 
weather, and possibly a fairly high temperature, we do «« to" “ 
conditions which are necessary for infectio^ since *"0 ^ 
ments in themselves are apparently not sufficient, ^hf .. 

arrived at as the result of environmental studies in controlled temp 
ture and humidity chambers. to 

There is some ground for the belief that plants may 

the disease from internal causes. This Wilber plots at 

e .. C disease m field feruiizer p 

The plots concerned were in 


the Wisconsin Experiment Station, me piui» ^ 

plicate and were intended to compare the value , linderstood, 
with commercial fertilizers. For some reason “Ot y 
the manured plots gave a yield considerably l<wer t ^^1^ Idj 

plots. Counte were made of the numte of f «ted P ^ 

Ld, as may be seen from Table E a ' nfection. 

tween yield, or the fertilizer apphed, and the amount oi 
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Table I— Percentage of ‘*rusV* on fertilizer test plots 


riot 

No. 

FertUiief applied per acre. 

Yield in 
pounds of 
.cured leaf 
per acre. 

Percentage 
of plants 
rusted. 

3..... 

Barnyaid manure, 20 tons 

h 545 
I, 242 

43 

46 






i »393 

44 - 5 




No fertilizer 

1 6S2 

23 

26 

1. . 

do 

1.527 

7 



Average 

60 

24.5 



» 4 

2 

6 

200 pounds nitrate of soda, 200 pounds sulphate of pot- 
ash, 600 pounds acid phosphate. 

do 

^.695 

h 735 

II 



10 


Average 

ii 7 i 5 

10-5 




It does not follow from this, however, that “rust" is more likely to 
occur in low-yielding crops, the manured plots in this test being in fact 
an average crop. The condition is rather one of “ physiological or nutri- 
tional balance " in the plant, a condition, as yet very inadequately under- 
stood in relation to plant diseases. A practical suggestion for experi- 
mental work in reducing damage from this disease by proper fertilization 
JS offered, however, by such observations. 

It has usually been found that the first or primary infection starts in 
the seed bed and that the secondary infection in the field is a direct 
result of transplanting infected plants. The same seems to be especially 
wfth wf'" ™ '917 and 1918 inaction 

at the Wisconsin 

thSiH Station, and subsequently secondary infection in 

planted from the infected areas in the 

ThK which time it had apparently disappeared 

S “d now commL:SS 

^“^Sestion that seedling planets from 
iato the Md h infection should preferably not be transplanted 
iatte seed bedslV * improbable that spraying with copper sprays 
“le Snsb baot.Hfrf for wi dfc (y) may also help to control 

blown. The cLs^*^o^n*^ definitely 

liodoth covers no«?w^ bhe seed, on 

fetennined nrsaSto’^ Until this is 
i« offered. ®“f'“actory means of control from this standpoint can 

7own at fte *?f varieties of tobacco have been 

*Posed to infe^on p ^on annually, these have not all been equally 
'“wever, the writer fe^if ? .'*““1®'^ observations and experiments, 
'««Ptibility or resistant “ including that differences in varietal 

25622-L-7 
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SUMMARY- 

A bacterial leafspot disease of tobacco has been under observaf 
and study in Wisconsin for five years. This disease is one of three 
more different leaf^^ots of tobacco commonly grouped under the comm 
name "rust” by Uie growers in Wisconsin. The other "rust" snT 
appear to be nonpardsitic in nature. ^ ^ 

This disease has not been especially serious in recent years, but it ' 
believed that it is the "rust” which has been most serious in past yeaf 
and may become so again at any time that the required favorable con 
ditions for its occurrence appear. 

The Wisconsin leafspot of tobacco differs from both the wildfire 
leafspot and the angular leafspot occurring in other sections of the 
United States, and from the black rust occurring in Sumatra, all of which 
are bacterial in nature. The symptoms of the wildfire disease and of 
the Wisconsin leafspot, however, are much the same. 

The disease usually manifests itself by round, brown, or rust-colored 
spots, usually less than % inch in diameter, but frequently running 
together to form larger irregular lesions. Frequently the young lesions 
are marked by a distinct chlorotic area or halo surrounding the point of 
infection. Under field conditions infection usually starts on or is con- 
fined to the lower leaves. Lesions may also occur on young leaves in 
the seed beds. 

The disease is caused by a yellow bacterial organism apparently pre- 
viously undescribed. The name Bacterium melleum, n. sp., is suggested, 
and the more common morphological and cultural characteristics are 
given. 

Artificial infection has been secured only through wounding by needle 
pricks. Under the conditions of the inoculation experiments in the 
greenhouse this has also been more or less true with the wildfire organism, 
which has been studied comparatively in practically all of the work doce 
with the Wisconsin leafspot organism. Under field conditions it is not 
believed that wounding is necessary for infection. Temperature and 
humidity conditions in themselves do not apparently govern the occurrence 
of infection. Some data secured indicate that predisposition maybe 
influenced by the fertilizing materials available. 

It is believed that the disease ordinarily starts in the seed beds, from 
which it is transferred to the field. Growers are advised, therefore, not 
to use plants from infected seed bed areas for transplanting. 
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PLATE I 

A. — Leaf of Havana Seed tobacco, showing fairly typical symptoms of the Wisconsin 
le^spot (“rust") disease. Natural infection. 

B. — More detailed view of portion of leaf similar to that illustrated in A, showing 
the central points of infection, the coalescence of the spots, and their relation to the 
veins. 

C. — A leaf showing a fairly typical case of “wildfire” on Havana Seed tobacco. , 
Compare with Wisconsin leafspot. This leaf was collected in Connecticut in July, 
1919, and was the first authentic case of the wildfire disease in New England. 
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PLATE 2 

A ^Leaves from tobacco seedlings in seed beds, showing typical lesions. Such 
leaves readily carry the infestation to the fields. Note the halo surrounding the 
points of iidection (B, C, and D). Artificial inoculation with leaf^t organisms by 
means of pin pricks on tobacco leaves, illustrating their similarity under cert^ 
conditions (B, C, D, and E). 

B. — Leaf inoculated with Wisconsin leafspot organism. 

C. “-Leaf inoculated with wildfire organisms. 

D — Leaf inoculated with Wisconsin leafspot organism with lowered virulence. 

E.— Control, pricked, but not inoculated. 



PLATE 3 

A, — A leaf of tobacco inoculated with the Wiscondn leafspot by means 

of pin pricks. Tissue collapsed rapidly around point of inoculation and turned 
bro^, no halo developing. Similar spotting without halo may also develop in tie 
wildfire disease. 

B. — Typical colonies of the Wisconsin leafspot organism on potato agar plate. 



Plate 3 









PLATE 4 

A. — Streak of Wisconsin leafspot org^ism on potato-dextrose agar after four days’ 
growth at 20“ to 2 2® C. in comparison witli control tube . Note color difference of cul- 
ture medium, as a result of development of yellow pigment on potato-dextrose ^ar. 

B. “Photomicrograph of Wisconsin leafspot organism, Carbolfuchsin stain. X 3 .000. 

C. —Line drawing of Wisconsin leafspot organism, showing flagella. 
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